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Anterior cruciate ligament (ACL) injuries remain a significant, season-ending injury in 
youth soccer, with young female athletes exhibiting higher incidence rates compared to young 
male athletes. ACL injury rates increase with older ages, with female soccer players 15 years or 
older being at an almost twofold increased rate of injury compared to young female soccer 
players. Several biomechanical and neuromuscular changes occur during the maturation process, 
becoming more prevalent in young females, which can place them at an increased risk for ACL 
injury. These biomechanical and neuromuscular changes can affect how efficient young females 
are when completing high-risk, dynamic tasks where injuries are prone to happen. 
Musculoskeletal modeling can provide researchers detailed information about how elements in 
the musculoskeletal system interact to produce movement and assist in identifying causal 
relationships between movement strategies and abnormal biomechanics. Specifically, this 
method offers an approach to estimate ACL loading, understand how individual muscles 
contribute to whole-body center of mass acceleration during risky movements, and analyze 
individual muscle energy consumption during dynamic tasks. Understanding how lower 
extremity musculature and maturation status affects ACL loading and movement efficiency 
during high-risk movements in young female soccer athletes can aid researchers and clinicians in 
creating improved injury prevention programs at the musculature level that may better target 
those who are at an increased of injury during high-risk tasks. The purpose of this study is to 
examine the effects of maturation on ACL loading, muscle coordination, and movement 
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Chapter 1: Introduction 
Background and Rationale 
Anterior cruciate ligament (ACL) tears are not only a common occurrence in athletic 
populations (1), but are also an economic burden in the public health field, with the average cost 
of ACL reconstruction surgery being approximately $11,400 (2). Additionally, ligament sprains, 
including ACL injuries, and muscle strains account for the largest proportion of competition 
injuries, as well as the largest proportion of injuries that require surgery (3, 4). Females continue 
to display increased rates of ACL injury compared to males (1, 4-6), with ACL tears being the 
most common severe injury reported in female soccer players (25.9%) (7). In order to reduce 
ACL injury risk in these younger populations, it is crucial to have a thorough understanding of 
the mechanisms that can increase ACL strain during dynamic tasks.   
Certain biomechanical factors during high-risk movements common in soccer, such as 
sidestep cutting, can place females at increased risk of ACL injury (8, 9). These include 
increased anterior tibial shear force, decreased knee flexion angles, increased knee frontal plane 
loading, and increased knee transverse plane loading (10-13). The musculature surrounding the 
knee, primarily the quadriceps and hamstrings, also plays an important role in providing active 
dynamic stability to the joint (14). The quadriceps counteract the large posterior ground reaction 
forces that occur during dynamic movements, but in turn results in large knee extension 
moments and increased anterior tibial translation (10, 15). In contrast, the hamstrings muscle 
group can limit ACL strain (16) through its posteriorly directed force and have the ability of 
counteracting increased quadriceps activation during dynamic tasks (17). While there is a 
consensus of the movement patterns that can increase the load on the ACL, and general 




movements, not as much is known regarding how these movement patterns affect individual 
muscles, which in turn will influence ACL loading and potential injury risk.  
ACL injury rates have steadily increased in young athletes over the last 20 years, with 
female adolescents exhibiting greater increases (2.5% per year) in ACL injuries compared male 
adolescents (2.2% per year) (18). When analyzing ACL injury rates in female adolescent age 
subgroups, females 6-14 years old had an annual increase of 2.5%, females 15 to 16 years old 
had an increase of 2.6%, and females 17 to 18 years old had an annual increase of 1.5% (18). 
Hagglund et al. (19) reported that older female players (15 years or older) exhibited an almost 
twofold greater risk of ACL injury compared to younger female athletes in their prospective 
study of ACL risk factors. It is believed that maturation status plays a role in these injury rates, 
which can be determined using various methods. While skeletal maturation is the best indicator 
of maturity, it is not feasible for everyone to use (20). Non-invasive methods are available to 
estimate maturation status, which includes the Khamis-Roche regression equation (21), which 
expresses current height as a percentage of predicted adult height. This is one method that helps 
to estimate pubertal development from pre-pubertal to fully mature individuals, with the main 
classifications for adolescents being prepubertal, pubertal, and post-pubertal (22).  
During maturation, both biomechanical and neuromuscular changes become more 
prevalent in female athletes. Specifically, knee abduction angles and external knee abduction 
moments increase after the onset of adolescence (i.e., occurring at 91% of adult stature) (23), and 
hamstrings and quadriceps strength decrease in the later stages of maturation (24, 25). These 
biomechanical changes could affect how efficient young females are when completing high-risk, 
dynamic tasks where injuries are prone to happen. Efficient movement involves successful 




metabolic cost (26) and involves complex coordinated interactions of segments and joints (27). 
Inefficient center of mass control can lead to abnormal deviations in segmental and joint control 
in order to avoid task failure, seen in excessive sagittal plane accelerations  needing to be 
corrected for by non-sagittal movement strategies, and can lead to dangerous, injury-causing 
joint loading (28).  
Many biomechanical studies examine single loading factors associated with ACL injury, 
such as knee flexion angle, knee abduction moment, etc., yet ACL injury rates continue to 
increase. This has led researchers to investigate how individual factors interplay with one another 
at a system-level to understand what type of strategies are used during these dynamic tasks (26-
29) and create efficient movements that decrease injury risk (30). Musculoskeletal modeling 
allows researchers to use non-invasive, computational methods to estimate ACL loading (31-33) 
and evaluating movement coordination (34, 35) during dynamic tasks (36). It can also provide 
researchers an alternative method of identifying any causal relationships between movement 
strategies and abnormal kinematics and kinetics (37). This in-silico method offers an approach to 
understand how individual muscles contribute to whole-body center of mass acceleration during 
risky movements, known as Induced Acceleration Analysis (IAA) (38). A key to understanding 
muscle coordination is identifying individual muscle contributions to movement and how they 
contribute to whole-body coordination (39). Furthermore, musculoskeletal modeling allows for 
evaluating muscle energetic cost by analyzing individual muscle energy consumption during 
dynamic tasks (40-42). This type of analysis can aid in estimating metabolic demand and 
determine if muscles are being cost effective during dynamic movements. Muscles that are too 
metabolically demanding may potentially lead to inefficient biomechanical movement patterns 




Statement of the Problem 
Previous research examining ACL loading mechanisms during dynamic tasks has 
primarily focused on single kinematic and kinetic factors that may lead to abnormalities in the 
lower extremities and potentially lead to injury. Also, while research has been conducted within 
young populations, little research has been conducted across different maturation groups to see 
how lower extremity biomechanics and injury loading mechanisms are altered during dynamic 
tasks. Furthermore, there is a lack of biomechanical modeling and computer simulation-based 
research examining the effects of maturation on movement patterns and loading mechanisms 
associated with injury in young populations.  
It has been suggested that examining whole-body movement strategies provides a more 
in-depth, functional understanding of the performance-injury trade-off demands in high-risk 
movements (28, 29). Likewise, the use of musculoskeletal modeling and simulation can provide 
detailed information about the elements of the musculoskeletal system and how they interact to 
produce movement (38). While previous research has examined the interplay of hip, knee, and 
ankle kinematics and kinetics during dynamic tasks, little research exists examining how 
individual muscles of the lower extremities affect task efficiency and injury risk in young female 
athletes throughout maturation. Understanding how lower extremity musculature and maturation 
status affects ACL loading, muscle coordination, and muscle energetic cost during high-risk 
movements in young female soccer athletes can aid both researchers and clinicians in creating 
improved injury prevention and rehabilitation programs at a musculature level that may better 




Statement of Purpose 
The purpose of this study was to examine the effects of maturation on ACL loading, 
individual muscle contribution to center of mass acceleration, and muscle metabolic cost during 
unanticipated sidestep cutting in young female soccer players. We proposed to accomplish this 
purpose with two specific aims. Specific Aim 1 was to compare estimated ACL loading between 
prepubertal, pubertal, and post-pubertal maturation groups in young female soccer players during 
an unanticipated cut using a previously established computational method of calculating ACL 
loading (32). Specific Aim 2 was to compare muscle group contributions to whole-body center 
of mass acceleration, as an assessment of muscle coordination, and muscle metabolic cost 
between maturation groups in young female soccer players during an unanticipated cut. Muscle 
groups used for Specific Aim 2 were grouped according to their function and included the 
quadriceps, hamstrings, gastrocnemius, soleus, hip abductors, and all other muscles.  
Research Hypotheses 
Previous research has shown altered lower extremity biomechanics in the later stages of 
maturation during high-risk movements, such as unanticipated sidestep cutting and landing tasks. 
Specifically, increased abduction angles and abduction moments, as well as increased internal 
knee extensor moments, have been displayed in older adolescent females (23, 43-45). These 
variables have frequently been associated with increased risk of ACL injury, and increased 
magnitudes have been reported in females who later had an ACL injury (12). It was therefore 
hypothesized for Specific Aim 1 that ACL loading would be increased in post-pubertal females 
compared to earlier stages of maturation during the unanticipated cutting task.  
There is limited research pertaining to individual muscle contribution to center of mass 




during sidestep cutting. Therefore, a non-directional hypothesis regarding how maturation affects 
muscle coordination and muscle metabolic cost was more appropriate for Specific Aim 2. It was 
hypothesized that individual muscle contributions to center of mass acceleration and muscle 
metabolic cost would be different between maturation groups in the unanticipated cutting task.  
Independent Variables 
• Maturation status – prepubertal, pubertal, post-pubertal  
Dependent Variables 
Specific Aim 1: 
• Total ACL force, net knee flexor muscle force, and net knee extensor muscle force 
Specific Aim 2: 
• Muscle contributions to mediolateral, anteroposterior, and vertical center of mass 
acceleration, grouped based on muscle function (quadriceps, hamstrings, gastrocnemius, 
soleus, hip abductors, and other muscles) 
• Average muscle rate of metabolic energy expenditure for: total body, quadriceps, 
hamstrings, gastrocnemius, soleus, hip abductors, and other muscles 
Limitations of the Study 
• Marker trajectory data were collected and processed prior to this study, but has since 
been published (43).  
• Data for the unanticipated sidestepping task are not available for all participants.  
• Maturation groups were cross-sectional in nature.  
• Musculoskeletal modeling only provides estimates of muscle forces and metabolic 




Delimitations of the Study 
• Participants were female soccer players and were between the ages of 9 and 17 years old. 
• Participants were able to participate in sport with no reported injury at the time of study 
enrollment.  
Assumptions of the Study 
• Participants were truthful when completing their demographic and health history surveys. 
• The 15-camera motion analysis system (Cortex v7, Motion Analysis Corp, Santa Rosa, 
CA, USA) and two force platforms (Advanced Mechanical Technology, Inc., Watertown, 
MA, USA) were accurately calibrated for each data collection.  
• Participants completed all tasks at maximum effort based on the instructions and 
requirements provided by the researchers at High Point University.  
• Standardized cleated footwear did not alter participants’ natural running or jumping 
styles.  
Significance of the Study 
This study can add new insight into how maturation affects neuromuscular control and 
metabolic energy consumption during high-risk, athletic activities in young female soccer 
players. While research exists examining how maturation affects lower extremity kinematic and 
kinetic movement patterns, little research exists that examines how the musculature is affected 
by this process. These data can provide additional methods of investigating why older adolescent 
females exhibit greater ACL injury rates compared to those at younger ages by assessing metrics 
that are generally not measurable (i.e., muscle forces, muscle contributions, and metabolic 




improved neuromuscular injury prevention and injury rehabilitation programs in young female 
soccer athletes.  
Operational Definition of Terms 
• ACL loading: forces acting on the ACL 
• ACL strain: the quantification of deformation of the ACL. Lengthening of the ACL 
causes tensile stress. 
• ACL stress: internal resistance to an external load and is calculated as the internal force 
divided by the cross-sectional area of the surface on which the internal force acts  
• Average muscle metabolic energy consumed: integrated instantaneous metabolic power 
over the duration of the landing phase.  
• Average whole-body metabolic rate: integrated metabolic power over the duration of the 
landing phase with an added basal rate of 1.2 W/kg to account for upper body movement 
(41) 
• External joint moment: torques (i.e., the turning effect produced by a force) created by 
external forces, such as gravity or ground reaction forces.  
• Internal joint moment: torques created by muscles that act to resist external torques. For 
example, an internal knee adduction moment would act to resist a knee abduction torque 
created by external loads. 
• Lower extremity total muscle energy consumption: summed individual muscle metabolic 
energy consumption over all muscles in both limbs.  
• Metabolic power: rate of metabolic energy consumption calculated from the 




• Noncontact ACL injury: failure of the ACL due to the absence of direct contact to the 
knee from another individual. This type of injury is common during high-risk athletic 
movements, such as sidestep cutting and landings, that involve quick decelerations and 
change of direction.  
• Stance phase: defined as the instant when vertical ground reaction force was greater than 
10 N until the instant the vertical ground reaction force was less than 10 N, measured on 












The purpose of this study was to examine the effects of maturation on ACL loading, 
individual muscle contribution to center of mass acceleration, and muscle metabolic cost during 
unanticipated sidestep cutting in young female soccer players. With rising injury rates in young 
female soccer athletes, there has been an increase in the number of in vitro studies examining the 
effects of maturation on lower extremity biomechanics, including the kinematics, kinetics, and 
ground reaction forces, during dynamic activities and how they are related to potential injury 
risk. However, there is little to no research examining the effects of maturation in young female 
soccer athletes using an in silico (i.e., musculoskeletal modeling) approach. Musculoskeletal 
modeling can both complement and inform experimental results at a neuromuscular level, using 
analyses that allow for a way to measure muscle mechanics that are either too difficult or not yet 
possible to measure using in vivo methods. Information obtained from these analyses can further 
our understandings of how the muscles affect subsequent joint mechanics and injury risk 
throughout the maturation process.  
The primary goals of this chapter was to review the current literature discussing 1) ACL 
anatomy, function and loading, 2) sex differences associated with ACL injury during sidestep 
cutting and landing, including ACL injury mechanisms and risk factors and how to estimate 
ACL loading, 3) definitions of the maturation process, 4) age-related changes related to ACL 
injury mechanisms during maturation, including ACL morphology and lower extremity 
biomechanics, and 5) movement efficiency during dynamic tasks, including center of mass 




ACL Anatomy, Function, and Loading 
ACL Anatomy 
Injuries to the knee, including the ACL, account for the largest proportion of severe 
injuries in athletic populations (7) and can lead to the inability to return to play and low quality 
of life ratings after reconstructive surgery (46). Having thorough knowledge of the ACL aids in 
understanding biomechanical properties and functions of the ligament during dynamic 
movements. The ACL is one of the four ligaments that provide stability to the articulations 
between the femur and tibia during movement (47). It is comprised of a highly organized 
collagen matrix, consisting of type I (90%) and type III (10%) collagen (48), that is organized 
into multiple fiber bundles (48). On average, the ACL is 38-mm in length and 11-mm in width, 
with an oval-shaped origin site and triangular-shaped insertion site, resembling a “duck’s foot” 
(49). The ACL originates on the medial surface of the lateral femoral condyle and posteriorly in 
the intercondylar notch and is 10-mm wide. The tibial insertion site is positioned in an oblique 
direction on the anterior intercondylar area of the tibia and is approximately 18-mm wide (48, 
49). The cross-sectional shape of the ACL can be described as irregular, fanning out and 
becoming thicker and stronger more distally, and changes with knee flexion angle (50).  
While Amis et al. (51) and Hollis et al. (52) divided the ACL into three functional 
bundles (anteromedial bundle, intermediate band, and posterolateral bundle), the two-bundle 
model from Girgis et al. (53) consisting of the anteromedial and posterolateral bundles has been 
generally accepted as the best way to understand ACL function (50). As the names suggest, the 
anterior bundle originates on the anterior aspect of the femoral attachment and inserts on the 
anteromedial aspect of the tibia, while the posterior bundle originates on the postero-distal side 




extension, both bundles run parallel to each other, with the anterior bundle being longer (34 mm) 
than the posterior bundle (22.5 mm) (50). During passive knee flexion, the anterior bundle 
lengthens and tightens, while the posterior bundle becomes slack, which can leave the anterior 
bundle as the primary restraint to any anterior load placed on the tibia (52). However, when there 
is combined sagittal plane flexion and transverse plane internal tibial rotation during 
experimentally induced loading, the majority of ACL fibers, in both bundles, are brought to a 
load-sharing configuration (49). 
ACL Function and Loading 
The ACL is one of the two cruciate ligaments of the knee that act to stabilize the knee 
during anteroposterior movement of the tibia on the femur. It is the primary restraint to anterior 
tibial translation due to the alignment and position of the ligament with respect to the femur and 
tibia (48), providing over 80% of the total restraining force during knee flexion (54). Its 
secondary function is to limit frontal plane abduction/adduction stress, especially when the knee 
is in full extension, and transverse plane internal/external rotations, mainly by the posterior 
bundle (55). When the ACL is severed, anterior translation can increase up to 8-mm compared to 
an ACL-intact knee at 30° of knee flexion (56). Interestingly, due to the cruciate ligaments being 
located close to the center of the knee and the small moment arms, the cruciate ligaments must 
provide restraining force three times larger than the collateral ligaments to provide similar 
restraining stability about the knee (49), which may contribute to the increased injury rate to 
these ligaments.  
The stress-strain relationship determines the material properties of the ACL, and 
ultimately how much loading the ligament can withstand before rupturing. Stress is defined as 




length The tensile strength of the anterior bundle (46 MPa) has been found to be three-times 
stronger than the posterior bundle (15 MPa), while the strain failure was similar between both 
bundles (57). The structural properties of the ACL are mainly determined by the load-
deformation relationship when testing tensile strength. Ligament rupture has been reported to 
occur in a range from 1730 N (58) to 2160 N (59) of applied load in young adult ACL ligaments.  
Ligament rupture occurs when there is too much deformation and too much strain on the 
ligament due to increased loading. Determining the amount of force produced in the ACL during 
different planar loading conditions has provided crucial information regarding potential ACL 
failure during dynamic movements. In their cadaveric study of various loadings on human knees, 
Piziali et al. (60) found that ligament damage occurred within 125-210 Nm of frontal plane 
rotation or 35-80 Nm of transverse plane rotation. Markolf et al. (10) were among the first to 
investigate combined loading on the ACL and identified two particular combined loading 
conditions where forces in the ACL were significantly greater than in one plane alone, including 
1) anterior tibial force plus internal tibial torque near extension and 2) anterior tibial force plus 
abduction moment with more than 10° of flexion. In a previous study from their lab using a 
simple load-cell/bone-plug construct and moving just the tibial end (61), they also identified 10-
Nm of internal tibial torque applied to a hyperextended knee as creating the highest ligament 
forces (340 N).  
More recent studies have confirmed that ACL failure is likely due to a combination of 
multiplanar loading that increases ACL load past its rupture point rather than individual planar 
loading conditions. Shin et al. (62) used a dynamic knee simulation model to predict ACL strains 
and found that when applied individually, an abduction moment or internal rotation moment did 




Similarly, Kiapour et al. (63) saw the greatest increases in peak ACL strain when anterior tibial 
shear load, knee abduction, and internal tibial rotation moments were combined during simulated 
landings compared to when the moments were applied individually. They also determined that 
knee abduction had a larger effect size and explained a higher percentage in the variability in 
ACL strain than internal rotation, indicating that ACL strain is more sensitive to frontal plane 
loading than transverse plane loading. During their simulated landings using cadaver models, 
Quatman et al. (64) observed almost 50% of the specimens sustained an ACL injury when there 
was combined multiplanar loading of anterior tibial shear force, knee abduction, and internal 
tibial rotation moments, with the knee abduction moment significantly contributing to the 
calculated peak ACL strain at ligament failure (65).  
Neuromuscular Contributions to ACL Loading 
Musculature surrounding the knee joint also plays a role in not only supporting dynamic 
stability to the knee joint, but also contributing to ACL loading during dynamic activities. The 
co-activation of the knee extensors (i.e., quadriceps) and knee flexors (i.e., hamstrings) aids the 
ligaments in maintaining joint stability and controlling tibial translations (66). When 
isometrically contracted, the quadriceps can create high magnitudes of anterior tibial shear force, 
especially at more extended knee positions (67). Renstrom et al. (68) was one of the first to 
report increased ACL strain at knee angles of 0° (full extension) to 45° of knee flexion with both 
isometric and isotonic quadriceps contractions compared to ACL strain during passive knee 
motion. Similar results have also been reported when the quadriceps are acting in isolation from 
the hamstrings during 0 to 80° of knee flexion (16, 68-74), with maximum anterior tibial 
translation occurring around 30° of knee flexion (73, 74). Using an in silico method, Li et al. (73) 




flexion. However, these forces were reduced to only 10 N when the knee was flexed to 60°. The 
relationship between ACL strain, quadriceps force, and knee flexion angle has been theorized to 
be due to the geometry of the knee extensor mechanism and how ACL orientation changes 
throughout the entirety of knee joint range of motion (75).     
It has been assumed that the hamstrings counteract the anterior tibial shear force and 
anterior tibial translation caused by the quadriceps (69, 76, 77), which can reduce ACL strain and 
force (16, 68, 70, 73, 78) and provide stabilization to the knee joint (79). Markolf et al. (16) 
measured the hamstrings’ ability to negate ACL force produced by an anteriorly directed tibial 
force beyond 60° of knee flexion. Additionally, they found the hamstrings had the most 
noticeable effects near 90° of knee flexion due to the angle of hamstring pull being roughly 
parallel to the tibial plateau. This position gives a mechanical advantage to the hamstring tendons 
when needing to provide a posterior pull to the tibia (16). On the contrary, as the knee gets closer 
to full extension, the insertion angle of the hamstrings significantly decreases, reducing the 
effectiveness of the hamstrings to reduce ACL load (75). In their cadaveric study, Renstrom et al. 
(68) found that when acting alone, the hamstrings can decrease ACL strain relative to passive 
normal strain in all tested knee positions (0° to 120°). However, they also determined that from 
0° to 30° of knee flexion, the hamstrings were unable to mask the potentially harmful effects the 
quadriceps can have on the ACL (68). Interestingly, in ACL-deficient athletes, those that 
exhibited hamstring strength equal to or greater than their quadriceps strength had higher levels 
of sports participation compared to those who displayed a more quadriceps-dominant strength 
profile (80). Greater hamstring stiffness (i.e., the ability to resist lengthening) can also increase 
the stability in the knee joint due to reduced anterior tibial translation, and can ultimately 




ACL Injury Overview 
The two main classifications of ACL injuries are contact and noncontact ACL injuries, 
with noncontact injury mechanisms being the major cause of ACL injury during sporting 
activities (82). Contact injuries occur when there is direct player-to-player contact to the knee, 
while noncontact injuries occur without direct contact to the knee during situations that include 
cutting, pivoting, accelerating, decelerating, or landing from a jump (82-84). Both internal (e.g., 
anatomical and hormonal) and external (footwear, playing surface, weather conditions, 
competition) risk factors can contribute to noncontact ACL injury (85). Unfortunately, there is a 
high occurrence of osteoarthritis, pain, and functional limitations to athletes up to 12 years after 
an ACL injury (86). ACL injuries can be classified as a type of severe injury where there is not 
only a considerable amount of time loss from sport (e.g., time loss of more than 21 days of 
participation (87)), but also potential financial, physical, and psychological hardships following 
the injury (7). It has also been well established that ACL injury rates are greater in females 
compared to males, so having a thorough understanding of the mechanisms behind this injury, 
especially in female populations, is critical in reducing ACL injury rates. 
Sex Differences in ACL Injury Rates 
Arendt et al. (88) were the first to report a sex discrepancy in ACL injury, with females 
presenting higher rates of ACL injury compared to males, regardless of injury mechanism, in 
soccer and basketball. Unfortunately, ACL injuries continue to be significantly more common in 
females compared to males in comparable sports, including soccer and basketball (1, 4-6). 
Overall ACL injury rates have been reported to be 1.45 per 10,000 athletic exposures (AEs) in 
female athletes compared to 0.60 per 10,000 AEs in male athletes (4). Female soccer athletes 




injury rates, specifically in soccer, have been reported to be 0.10 per 1000 AEs in female soccer 
players and 0.04 per 1000 AEs in male soccer players (1). In their epidemiologic study of ACL 
injuries in high school soccer players between 2007/08 and 2016/17, Gupta et al. (89) saw 
significantly higher ACL injury rates in female soccer players (13.23/100,000 AEs) compared to 
male soccer players (4.35/100,000 AEs). They also reported a greater proportion of contact ACL 
injuries in males (48.6%) compared to females (30.1%), suggesting more noncontact ACL 
injuries occurred in female soccer players (89). Kay et al. (7) found that the most frequent severe 
injury reported in women’s soccer was ACL injury (~26% of all severe injuries). ACL injury 
rates have been reported to peak between 14 and 18 years old in females, whereas peak ACL 
injury rates in males are between 19 and 25 years old (90), suggesting that certain abnormal 
loading mechanisms may be more prevalent in young females and making them more prone to 
injury.  
ACL Injury Mechanisms and Risk Factors 
The most common playing scenario where noncontact ACL injuries occur in soccer 
include sharp decelerations, pivoting, cutting, and landing (8, 9, 82). These athletes are at 
greatest risk of injury during the weight acceptance phase (20-30% of stance) when the knee is 
close to extension, large frontal and transverse planar loads are high, and parallel muscle support 
between the quadriceps and hamstrings is low (91). Video analysis has also identified that 
noncontact ACL injuries are estimated to occur between the first 40-100 milliseconds (ms) after 
initial contact (92, 93). The primary mechanisms of noncontact ACL injuries are due to 
multiplane knee loading (84). Specifically, large forces from the quadriceps combined with 
frontal-plane and/or transverse-plane knee loadings and insufficient hamstrings co-contraction 




Sagittal plane biomechanics have been suggested to be the major contributor to ACL 
loading mechanisms (94). In vitro studies have demonstrated that an excessive anterior shear 
force, largely affected by knee flexion angle and the posterior ground reaction force, is the 
primary mechanism for loading the ACL (10, 95). ACL elevation angle and patella tendon-tibia 
shaft angle are both affected by knee flexion angle, which in turn affects ACL loading (96-98). 
Knee flexion angle and ACL length have been shown to be negatively correlated with one 
another, with peak ACL length occurring at minimum flexion angle just prior to landing (99). 
Additionally, Taylor et al. (100) found that knee flexion angle explains 61% of the variance in 
ACL length and that peak ACL length occurs at midstance of walking, when the knee was close 
to full extension. Kim et al. (11) used a numerical optimization method to overlap bone bruises 
obtained via MRI from the femur and tibia in those who had recently sustained an ACL injury 
and showed a mean tibial anterior tibial translation of 22 mm, mean flexion angle of 12°, and 
mean abduction angle of 5° at the time of the injury. It is apparent that there is a definite 
relationship between decreased knee flexion angle, increased anterior tibial translation, and 
ultimate ACL injury.  
Excessive knee abduction motion has also been identified as a risk factor for ACL injury 
through both qualitative video analysis (82, 101) and kinematic analysis (12, 92) during “high 
risk” movements associated with ACL injury. Besier et al. (8) found large abduction loading to 
the knee during a sidestep cutting task that could place large loads on the ligament and increase 
risk of injury. ACL strain has been produced by pure valgus torque, seen in both modeling (13) 
and in vitro (72) studies. The lateral side of the knee can become relaxed, which may result in an 
anterior shift of the lateral tibial plateau if internal rotation also occurs, increasing ACL strain 




alone is not able to cause ACL injury in isolation and that increased “out-of-plane” loading (i.e., 
increased frontal and transverse plane loading) large enough to injure the ACL can occur during 
movements such as sidestep cutting.  
The knee joint heavily relies on the relationship between the quadriceps and hamstrings 
to provide active dynamic stability to the external joint reaction loads (14) and on the ligaments 
to take up the net resultant loads and provide passive stability (102) during dynamic movements. 
However, in order to counterbalance the large posterior ground reaction forces that occur during 
movement and prevent the body from collapsing, the quadriceps need to produce large anterior 
forces, known as extension moments, which in turn increases the amount of anterior tibial 
translation and ultimate load on the ACL (10, 95). In fact, peak posterior ground reaction force 
has been demonstrated to be significantly correlated to peak knee extension moment and anterior 
tibial shear force during a stop-jump task (15). It has been suggested that increased activation of 
the vastus lateralis quadriceps muscle increases ACL injury risk, as it has been shown to be 
associated with females that display greater abduction angles during dynamic activities (103, 
104) and spears to influence the magnitude of dynamic stability of the knee (105).  
On the other hand, the hamstrings have the ability to limit anterior tibial translation and 
ACL strain (16, 61, 68-70, 73). Recently, it has been theorized that the medial hamstring muscles 
may provide both stabilizing and protective purposes to the ACL to counteract any increases in 
vastus lateralis activation during dynamic tasks (17, 106). Withrow et al. (78) found that 
increasing hamstring muscle force during the knee flexion phase of simulated jump landings 
reduced peak relative ACL strain by up to 70%. While increasing hamstring force decreases 
ACL strain, decreased hamstring strength can increase ACL strain. Using a musculoskeletal 




acute hamstring strength reduction protocol due to decreased hamstring shear force. 
Unfortunately, an imbalance in co-activation between the quadriceps and hamstrings can 
increase the risk of ACL injury due to decreased stability.  
Sidestep cutting and landing are responsible for up to 80% of all noncontact ACL injuries 
sustained in a team sports environment (101, 108, 109), resulting in the increased use of these 
two movements when analyzing potential injury mechanisms (110-112). The sidestep cutting 
task involves planting the foot laterally opposite to the direction of travel to create a propulsive 
impulse into the new intended direction and can be divided into four phases: initial acceleration 
(positive acceleration), preliminary deceleration (negative acceleration to reduce momentum into 
the change of direction), the cut/change of direction movement (weight-acceptance and push-off 
leading to change in direction of motion), and reacceleration (113). The early, or preliminary, 
deceleration phase has been suggested to pose the greatest risk for noncontact ACL injury, as 
seen with both increased knee abduction angles, increased quadriceps activation, and decreased 
hamstring-to-quadriceps ratio (92, 114). Additionally, as the angle of redirection becomes greater 
during the sidestep cut, frontal plane loading increases, with abduction loads being up to 2.4 
times greater during sidestep cutting with 110° of redirection compared to 45° of redirection 
(115). Sidestep cutting also results in greater rotation about the plant leg (113), especially if the 
trunk is not rotated towards the new direction of travel, leading to increased rotations about the 
knee joint, increasing risk of ACL injury during this type of task (116). Using a hierarchal 
multiple regression analysis to determine which technique characteristics were related to external 
knee abduction moments during sidestep cutting, Jones et al. (117) determined that initial knee 
abduction angle, lateral leg displacement, and initial lateral trunk flexion were the main 




While sidestep cutting shares common loading mechanisms with other movements 
completed in soccer, such as landings, that are associated with noncontact ACL injuries, the 
mechanical demands required to complete the tasks can differ between joints and are dependent 
on performance demand levels (118, 119). Chinnasee et al. (118) found that total energy, power 
absorption, and internal rotation moments at the knee are greatest during unanticipated sidestep 
cutting tasks, while peak knee abduction moments are greatest during single-leg landing tasks. 
Dai et al. (119) observed lower extremity movement patterns associated with increased ACL 
loading in both sidestep cutting and landing with maximum performance demands compared to 
relatively lower performance demands. Lastly, when determining if frontal plane knee loading 
was related between drop jump landings and sidestep cutting, Kristianslund et al. (111) identified 
moderate correlations in knee abduction angles but only poor correlations in knee abduction 
moments between the two tasks. These findings suggest that bilateral and unilateral movements 
are only slightly related to one another, and the neuromuscular strategies used in one task may 
not be representative of the neuromuscular demands needed to complete the other task.  
Sex Differences in ACL Injury Mechanisms 
ACL injuries occur at disproportionately greater rates in females compared to males in 
both high school and college athletics (4), with females being twice as likely as males to have a 
first-time ACL injury (120). Performing athletic movement outside of the “normal” range of 
motion has the potential to damage the ACL (121), and it has been proposed that abnormal 
motion across multiple planes could be considered an indicator of ACL injury risk (122). In their 
systematic review, Fox et al. (122) calculated “normal” ranges of motion in females for 
kinematic variables at the knee during sidestep cutting. At initial contact, “normal” knee flexion 




were -1.0±5.2° during sidestep cutting. When examining “normal” peak angles during sidestep 
cutting, they calculated peak knee flexion angles of -56.6±7.4°. Lastly, the calculated “normal” 
peak knee abduction angles during cutting was -11.05±7.4°. It is important to emphasize that 
some knee abduction is required to successfully perform certain athletic tasks. However, 
excessive knee abduction angles beyond these calculated may provide some indication of 
increased injury risk.  
A multitude of studies have been conducted to identify if certain biomechanical and/or 
neuromuscular differences may be responsible for the increased ACL injury rates seen in female 
athletes in both cutting and landing tasks (12, 14, 105, 123-130). Malinzak et al. (131) were 
among the first to identify both biomechanical differences between males and females during 
sidestep cutting tasks. Specifically, females exhibited decreased knee flexion angles and 
increased knee abduction angles, which contribute to increased loading on the ACL. Similar 
sagittal and frontal plane kinematic differences during sidestep cutting have also been found by 
other researchers. Both McLean et al. (132) and James et al. (124) observed decreased initial 
contact and peak knee flexion angles in females compared to males during rapid change of 
direction movements.  
Kinetic differences between males and females are also present during sidestep cutting. 
Females also experience greater knee extension moments during sidestep cutting (130), which 
could potentially lead to increased knee loading due to dynamic coupling of the lower extremity. 
Larger external abduction moments have also been reported in females compared to males (129, 
130, 132, 133), as well as larger magnitudes in the laterally-directed ground reaction force vector 
(129). Additionally, greater initial contact abduction angles in females have been shown to be 




sidestep cutting (133). Lastly, females that exhibit excessive knee abduction moments (greater 
than 0.59 Nm/kg·Bwt) have been shown to demonstrate a greater laterally-directed ground 
reaction force compared to females that exhibit normal knee abduction moments (129). Sidestep 
cutting does require larger amounts of medially directed ground reaction forces compared to 
walking (134) or running (34) to successfully complete the task. Significant correlations have 
been found between mediolateral ground reaction forces and cutting angle and performance 
(115, 135). However, significant correlations have also been found between mediolateral ground 
reaction forces and peak knee internal adduction moments during sidestep cutting tasks (136), 
suggesting that if mediolateral forces become too large, excessive frontal plane loading can occur 
and increase the risk of ACL injury.  
Pappas et al. (127) were the first to identify common biomechanical profiles associated 
with ACL injury during sidestep cutting using a large cohort of young females (N = 790). Using 
a latent profile analysis, which is a model-based multivariate clustering technique to classify 
individuals based on similar characteristics into subgroups, they identified approximately 60% of 
their study cohort as belonging to high-risk ACL injury biomechanical profiles during sidestep 
cutting. Females with a low risk profile demonstrated lower knee abduction range of motion and 
decreased peak knee external abduction moments. Females in the high risk group were 
categorized into either a quadriceps-leg group (24%, decreased knee flexion range of motion, 
lower knee abduction range of motion, and less ligament deficits), a trunk-leg-ligament group 
(22%, larger knee valgus moments, high knee flexion range of motion, and less quadriceps 
dominance deficits), and a ligament dominance group (14%, higher knee abduction range of 
motion and greater external knee abduction moments). They noted that two of the three high risk 




dominance group demonstrated deficits specifically in the frontal plane and also demonstrated 
the highest magnitude in deficits among the three high risk groups.  
Biomechanical differences between males and females are also present during the landing 
phase of dynamic movements that can increase ACL loading in females and potentially increase 
injury risk. Specifically, females demonstrate both increased anterior tibial shear force and 
increased internal knee extension moments, while males exhibit greater internal knee flexion 
moments during the landing phase of a stop jump task (123). Kernozek et al. (137) observed 
greater frontal plane knee range of motion, greater anteroposterior ground reaction forces, and 
greater vertical ground reaction forces in females compared to males that could place them at 
increased risk of ACL injury. In their prospective study, Hewett et al. (12) identified excessive 
knee abduction movement and external abduction moments during landing as key predictors for 
future ACL injury potential. More specifically, those that went on to injure their ACL landed 
with 8° greater knee abduction, 2.5 times greater external knee abduction moments, and 20% 
higher ground reaction forces (12). Myer et al. (126) found that external knee abduction 
moments of greater than 25.3 Nm in young females aged 16 years old during landing was 
associated with a 6.8% risk of subsequent ACL injury compared to only a 0.4% risk if knee 
abduction moments were below 25.3 Nm. Those females that went on to injure their ACL also 
exhibited increased knee abduction angles during landing. Lastly, when comparing females that 
exhibit either high or low knee and hip flexion angles, Pollard et al. (138) found that females in 
the low flexion group exhibited increased knee abduction angles, increased internal knee 
adduction moments, and decreased energy absorption compared to females with greater sagittal 




Neuromuscular differences, seen primarily in the quadriceps and hamstrings, are also 
present between males and females during both sidestep cutting and landing. During cutting, 
Malinzak et al. (131) saw increased quadriceps activation and decreased hamstring activation in 
females compared to males, which they postulated increases the possibility of increased anterior 
tibial shear force in females. In their prospective study, Myer et al. (139) found that female 
athletes that went on to injure their ACL displayed decreased hamstring strength but not 
quadriceps strength compared to males. Females also tend to display a vastus lateralis dominant 
neuromuscular strategy compared to males, who demonstrate greater vastus medialis activity 
during landing and sidestep cutting. Myer et al. (103) observed decreased root mean square 
medial-to-lateral quadriceps ratios have also been present in females (0.783±0.275) compared to 
males (1.249±0.542) during a movement that mimics a high ACL injury risk position, indicating 
greater activation of the vastus lateralis and decreased control of the knee in the frontal plane, 
which can potentially pull the tibia into a valgus position and increase loading on the ACL. 
Beaulieu et al. (104) found similar results in their female participants, who contracted their 
vastus lateralis to a greater extent than the vastus medialis, whereas males displayed the opposite 
neuromuscular strategy during unanticipated sidestep cutting. Lastly, Pollard et al. (138) saw 
increased vastus lateralis activation in their low flexion group, whereas the high flexion group 
displayed decreased vastus lateralis activation. They proposed that the low flexion group utilized 
a neuromuscular strategy that emphasized knee extensor use to attenuate forces during landing.  
Estimating ACL Load 
Direct measurements of ACL strain behavior is possible through the use of 
arthroscopically implanted transducers (140-145). However, this is an extremely invasive 




impinged on the condylar notch. This has led researchers to use alternative, in silico methods 
such as musculoskeletal modeling and computer simulation to estimate loading in the lower 
extremity, including the ACL (32, 33, 146-151). Musculoskeletal modeling can be used to assess 
certain physiological parameters, including muscle forces, joint contact forces, and ligament 
forces, that are either too difficult or not possible to measure (38, 152), and can complement 
experimentally collected data by providing insight into both muscle function and human 
movement control (37).  
Both two-dimensional and three-dimensional, data-driven models for estimating ACL 
strain have been developed and previously used to estimate ACL load during dynamic activities 
(31, 33, 107, 146). These three-dimensional models have been shown to accurately estimate 
ACL strain compared to in vitro data (31, 32), and are therefore appropriate to use when the 
research question pertains to estimating ACL load. These types of models can not only provide 
insight into how both kinematic and neuromuscular changes affect ACL loading and injury risk, 
but also potentially how this ACL loading can be reduced.  
Defining Maturation  
Maturation is a process that occurs in all bodily tissues, organs, and systems  that marks 
progress towards a mature (i.e., adult) state (22, 153). However, this maturation process does not 
occur at the same rate throughout the body and can occur independently of chronological age, 
making chronological age not a good indicator of biological maturity (153). This leads to 
different methods of assessing biological maturity, including skeletal age, secondary sex 
characteristics, peak height velocity (i.e., the estimated chronological age at maximum growth 




the Pubertal Maturational Observational Scale) and percentage of adult height using prediction 
methods of assessing adult stature (20-22, 153, 154).  
While skeletal maturation has been referred to as the best indicator of maturity status 
(20), it requires specialized equipment that is costly to researchers and is not feasible for all to 
use. Using secondary sex characteristics is limited to puberty and can be an invasive assessment 
in nonclinical settings (153). While peak height velocity only requires height measurements, 
these measurements need to be taken annually, or semi-annually, over several years, making this 
measurement logistically difficult and having just one height measurement be unusable (20). 
Fortunately, there are non-invasive methods of estimating maturity that can be used, including 
the Khamis-Roche regression equation method (21), to provide estimates of maturity status. This 
method, applicable to adolescents 4 to 17.5 years old (21), expresses current height as a 
percentage of predict adult height using chronological age, height, and weight of the child and 
midparent height (i.e, the average stature of the two parents) and has been used in several studies 
examining the effects of maturity on various biomechanical variables (23, 43, 45). This method 
of estimating maturation status has been validated with skeletal age in American adolescents 
(155) and has demonstrated adequate stability by showing a high capability in predicting adult 
height when compared to reached adult height (156). 
Stages of pubertal development act along a gradient, from pre-pubertal to fully mature, 
with the most apparent developments occurring from early to mid-adolescence (22). While the 
main classifications for adolescents are prepubertal, pubertal, and post-pubertal, the methods for 
defining these classifications can vary. The stages of sexual maturity using the method developed 
by Tanner (157) are determined by identifying the development of certain characteristics, 




development, while stage 2 is the initial, overt development of the characteristics that mark the 
transition into puberty. Stages 3 and 4 mark progress in maturation, and lastly, stage 5 indicates 
an adult, mature, state (153). Pubertal stages can also be classified using the Khamis-Roche 
method as a related measure of somatic maturation (43, 45) and can be considered less intrusive 
to the participations. Using this method, the prepubertal state can be classified as less than 87% 
adult stature, the pubertal state classified as 87 to 94% adult stature, and the post-pubertal state 
classified as greater than 94% adult stature. Identifying adolescent maturation status based on 
methods other than chronological age can provide improved classifications based on pubertal 
stages that can ultimately lead to a better understanding of biological and biomechanical changes 
that occur during the maturation process as they are related to injury risk.  
Age-Related Changes to ACL Injury Risk Factors during Maturation 
ACL Morphology  
There has been an overall increase in ACL injury diagnoses in both pediatric and young 
patients, with the most significant increase (18.9%) seen between the ages of 10 and 14-years old 
(158). Morphologic characteristics of the cross-sectional area (cross-sectional area) of the ACL 
(159, 160), volume of the ACL (160, 161), and femoral intercondylar notch width (162, 163) 
have been identified as intrinsic risk factors for ACL injury in adults, after maturation. However, 
it is highly likely that these morphological characteristics change over time during the maturation 
process and with skeletal growth. With the increase in ACL injuries in adolescents, having a 
better understanding of how these characteristics change over time may help to prevent these 
injuries.  
The length of the ACL significantly increases with age. Hosseinzadeh et al. (164) saw an 




population of 3 to 18-year-old subjects. They also found that ACL length was highly correlated 
to height, weight, and femoral intercondylar notch height (164). Edmonds et al. (165) also 
showed an increase in average ACL length from 24.6 mm at the age of 4 years to 39.2 mm at the 
age of 18, with the change in length plateauing between 13 and 15 years old. Both studies also 
determined that males and females exhibited similar ACL lengths during the early stages of 
skeletal growth and maturation (164, 165). However, Edmonds et al. (165) found that after 12 
years old, ACL length in males was longer by approximately 5 mm, and Hosseinzadeh et al. 
(164) found that after 15 years old, males exhibited longer ACLs by 3.9 ± 0.8 mm compared to 
females.  
ACL cross-sectional area affects how stiff the ligament is and ultimately has an effect on 
ACL injury risk (166). Hosseinzadeh et al. (164) found a significant increase in cross-sectional 
area at a rate of 1.4 ± 0.2 mm2/year in females and 2.5 ± 0.3 mm2/year in males. They also 
determined that cross-sectional area was moderately correlated with height, weight, notch width, 
and notch height. When examining the effects of maturation on ACL cross-sectional area in a 
recreationally-active, maturing female population, Davidson et al. (167) saw average cross-
sectional area values of 0.26 ± 0.05 cm2, 0.29 ± 0.09 cm2, and 0.27 ± 0.04 cm2 in early, middle, 
and late stages of maturation, respectively. When normalized to height and mass, they found that 
cross-sectional area was actually larger in the early stages of maturation and smallest in late 
stages of maturation (167). Lastly, ACL cross-sectional area has been found to be a significant 
predictor of peak relative strain in the anterior bundle of the ACL (159).  
ACL volume is not reported as frequently as other morphological characteristics of the 
ACL, especially in younger populations, but there does appear to be a high linear correlation 




participants in 1-year intervals from ages 3 to 14, grouping ages 3-7 due to the number of 
participants, and say a mean increase in ACL volume of 148 ± 11 mm3 per age group. However, 
they did not find any significant increases in volume after the age of 10, implying ACL volume 
plateaued at that age. In the 3-7-year group, ACL volume was approximately 300 cm3 and 
increased to approximately 1300 cm3 for the 12-13-year group, after which ACL volume 
plateaued. Additionally, ACL volume has been found to be significantly smaller in the 
contralateral knee of individuals with a previous ACL injury (1921 mm3) compared to matched 
healthy controls (2151 mm3), providing a likely explanation for why the initial tear occurred 
(161).   
Injury Rates in Adolescent Soccer 
US Youth Soccer is the largest youth organization in the United States, with more than 
3,000,000 youth athletes participating in the league (169). Unfortunately, recent reviews have 
determined that injury rates have increased in youth soccer over the years, with injury rates 
ranging from 2.0 to 19.4 injuries per 1000 hours of exposure (170-173). Young female soccer 
athletes also follow the same trend as adult females, exhibiting higher risk of ACL injury, with 
the peak incidence rate occurring during the high school years (18, 174). In fact, girls’ youth 
soccer has one of the highest medically disqualifying injury rates, with the ACL being the most 
commonly injured knee structure (175). Most injuries that occur in youth soccer are acute 
injuries (175, 176), with girls (3.3 per 1000 AEs) demonstrating a greater prevalence of injury 
compared to boys (2.5 per 1000 AEs) (87). Boys have been reported to have a higher overall rate 
of knee injuries, but girls have been shown to be twice as likely to sustain knee injuries requiring 
surgery and twice as likely to suffer noncontact major knee injuries compared to boys (177). 




youth female soccer athletes, with a majority of these injuries being reported as new injuries 
(173).  
Age has shown to affect injury rates in young soccer players, with the amount of injuries 
increasing with older ages (18). Injury rates in soccer athletes 12 years or younger have been 
reported to be 1.0 to 1.6 per 1000 hours, while older adolescents exhibited higher injury rates of 
2.6 to 15.3 per 1000 hours of exposure (169, 171, 172, 178). Older female soccer players, 15 
years or older, are at an almost twofold increased rate of ACL injury compared to younger 
female soccer players (19). In a 20 year-by-year analysis of ACL tears in patients 18 years old 
and younger, Beck et al. (18) found that female adolescents displayed an average annual increase 
in ACL injury of 2.5%, while young males exhibited an average annual increase of 2.2%. Shea et 
al. (174) saw similar increases in young female ACL injuries, specifically through insurance 
claims, with the earliest ACL injury claim being at 12 years old. Female adolescent ACL injury 
claims peaked at 16 years old, with ACL injuries accounting for 45.3% of all knee injuries (174).  
Lower Extremity Biomechanics and Neuromuscular Characteristics 
Previous studies have identified sex differences in sidestep cutting and landing 
biomechanics emerge during the maturation process and may be related to why female 
adolescents are at an increased risk of ACL injury (23, 43-45, 179-184). Rapid musculoskeletal 
growth occurs after the onset of adolescence, which is also when the sex disparity in adolescent 
ACL injury rates begins to increase (23, 185), suggesting that the physical changes that occur 
significantly contribute to ACL injury risk. As described by Hewett et al. (23), tibia and femur 
growth during maturation increases the moment arms at the two longest boney levers in the 
body, which directly affects the loads experienced at the knee joint. As the maturation process 




including the knee joint. However, females do not undergo the same neuromuscular spurt that 
males do during maturation, indicated by the decreased ability to attenuate landing forces, 
increased loading rates, and greater medial knee movement (i.e., increased knee instability) 
during dynamic tasks (179, 186). Males also undergo an increase in mass primarily due to 
increased skeletal tissue and muscle mass gains, while females have greater increases in fat mass 
compared to skeletal tissue and muscle mass (185, 187). This increase in mass gain, as well as a 
higher center of mass location from skeletal growth, makes muscular control of body position 
more difficult and can lead to increased knee joint forces in females (179). 
Both lower extremity sagittal and frontal plane neuromuscular control and biomechanical 
changes are present in female athletes throughout the maturation process. Maturation seems to 
affect sagittal plane neuromuscular control of the knee the most. Sagittal plane loading increases 
during later stages of the maturation process, seen in decreased knee flexion range of motion 
(180), increased knee extension moments (44, 183, 188) and increased energy absorption in the 
knee extensors (138, 183). Female adolescents have also demonstrated decreased hamstrings 
strength (24), decreased quadriceps strength (25), increased quadriceps-to-hamstring ratio, 
indicating the quadriceps are significantly stronger than the hamstrings (14), and increased 
anterior knee laxity (14, 24) in the later stages of maturation compared to male adolescents. 
Collectively, these variables not only increase sagittal plane loading on the ACL, but contribute 
to the increased knee instability seen in older adolescent female athletes that can lead to ACL 
injury (179).  
Biomechanical changes are more prevalent in the frontal plane and begin to develop 
during the maturation process. Pubertal and post-pubertal females have exhibited significantly 




impulse (24) during dynamic movements. Hewett et al. (23) found that while knee abduction 
loading increases in both males and females before the onset of adolescence, males can regain 
dynamic knee control in the later stages of the maturation process. The inability of females to 
regain dynamic control of the knee can result in a greater tendency of relying on the frontal plane 
instead of the sagittal plane (137). This excessive frontal plane motion is of great concern due to 
the fact that it is a main risk factor for increasing the load placed on the ACL and potential 
ligament rupture in young females (12).  
Movement Efficiency during Dynamic Tasks 
Movement is essential for both daily life and athletic activities. From an anthropologic 
viewpoint, efficient movement through optimized movement patterns that can reduce energetic 
cost of living and offset the energetic demand of larger brains has been considered a primary 
component for our species’ brain expansion (189). Achieving efficient performances in basic 
skills such as walking, running, and jumping can eventually lead to efficient movement in more 
complex activities seen in athletic events (190). Additionally, movement efficiency in athletics is 
critical for optimizing performance while minimizing metabolic cost Burns et al. (26). Burns et 
al. (26) have recently described movement efficiency as the ratio of a movement’s specific 
purpose, or the desired purpose of the movement, to the costs of performing that movement, 
which can be not only minimizing physical energy consumption, but also avoiding injury, and/or 
ensuring task completion (191).  
Burns et al. (26) have described two broad schemas of analysis that can be used to assess 
the biomechanics of efficient movement: the component level and the system level. The 
component level analysis can be thought of as traditional biomechanical analyses, identifying 




the failure point of certain structures within a system in the body. One way to assess the cost of 
movement, and therefore a component of movement efficiency, is by evaluating tissue loading 
and injury within certain movement patterns. On the other hand, a system-level analysis can be 
used to identify certain patterns and characteristics during movements that can highlight the 
movement efficiency needed. This type of analysis is similar to analyzing whole-body movement 
strategies and allow for the exploration of how certain strategies are associated with potentially 
injurious joint mechanics and performance during dynamic activities (28). Additionally, analysis 
of the entire system, rather than analyzing isolated structures, can provide valuable insight into 
movement control that will produce successful and coordinated movements and minimize 
metabolic cost (27), while also potentially minimizing the risk of serious lower extremity 
injuries, such as ACL injuries. 
Center of Mass Control during Dynamic Tasks 
The primary movement involved in field and court sports is frequently repeated short 
sprinting with rapid changes of direction in varying angles when responding to a stimulus (192-
194). In fact, a key determinant of sport performance and distinguishing elite and non-elite 
athletes is the ability to sprint repeatedly and change direction efficiently while sprinting (192, 
195). An impulse in the direction of the cut needs to be generated in order accelerate the body in 
the change of direction pathway in order to perform the task successfully, while also being able 
to control the center of mass (CoM) during task completion (28). Unfortunately, as previously 
mentioned, this combined movement of sprinting with a rapid deceleration and change of 
direction and loss of CoM control is associated with noncontact ACL injuries (9, 82, 196). While 
individual biomechanical variables associated with increased load on the ACL have been 




examining whole body movement strategies during sidestep cutting to determine how known 
loading variables interact with one another that could potentially lead to injury (27-29), as well 
as how to modify movement strategies to reduce potentially injurious ligament loading (110).  
Donnelly et al. (91) were the first to use a musculoskeletal modeling approach to produce 
optimized kinematic solutions that would reduce knee frontal plane loading during the weight 
acceptance phase of a sidestep cutting task. While they found two generalized kinematic 
strategies that were commonly used in their simulations, the most applicable technique that could 
be learned by athletic populations was repositioning the body’s CoM medially towards the 
desired change of direction pathway. The authors noted this technique is similar to a technique 
modification identified by Dempsey et al. (110) that was shown to reduce knee abduction 
loading during sidestep cutting. During their technique modification training, the authors 
concluded that significant reductions (36%) in knee abduction moments were accompanied by 
placing the foot closer to the midline of the body and having the torso face the direction of travel 
(110). Kristianslund et al. (93) found similar results when examining how sidestep cutting 
technique affects knee abduction moments in a female handball population. They determined 
that cut width, defined as the angle between a line from the center of pressure to the CoM and the 
vertical in a plane perpendicular to the direction of movement, was one of three variables that 
produced significant increases in knee abduction moments during cutting, primarily due to 
increases in the moment arm of the ground reaction force, and therefore the knee abduction 
moment arm. Specifically, a one standard deviation change in cut width increased maximum 
external knee abduction moment by approximately 17%. The same change also increased both 




knee joint center and center of pressure line) at the time of maximum knee abduction moment by 
approximately 23% (93).  
It is evident that placing the foot closer to the midline of the body, thus increasing medial 
control of the body, during a quick task such as sidestep cutting is necessary in reducing 
potentially dangerous frontal plane loading at the knee. When investigating movement strategies 
associated with medial CoM control during sidestep cutting, Sankey et al. (28) found that a 
narrower foot placement and high sagittal plane loading were able to control the CoM. However, 
they also determined that sagittal plane strategies for generating medial forces are inefficient and 
could actually lead to destabilization of the body’s CoM and increased knee abduction loading, 
requiring corrective non-sagittal movement strategies primarily at the hip to control the CoM, 
reorient the pelvis by rotating to the direction of travel, and potentially reduce the load at the 
knee (28). The inability to reorient the pelvis, or have the pelvis and torso rotating in the opposite 
direction during a sidestep cut, has been identified as a movement that increases the load placed 
on the ACL and potentially increasing risk of ACL rupture (197). Additionally, a combination of 
the inability to reorient the pelvis before heel strike (i.e., body preorientation), along with a 
backward leaning torso and a rearfoot strike pattern, has been shown to significantly increase 
both external knee abduction moments and the ground reaction forces experienced during 
sidestep cutting, potentially leading to increased risk of ligament damage at the knee (29).  
Havens et al. (135) compared whole-body center of mass velocity and position between 
45° sidestep cutting and 90° sidestep cutting during the approach and execution steps to 
understand what adjustments need to be made in order to successfully complete these two 
movements. They found that with larger cutting angles, greater braking and medial ground 




increasing the distance between the body’s CoM and the center of pressure. Additionally, they 
found that during the execution steps of each cutting angle, performed after foot contact was 
made, medial translation demands were needed in greater magnitudes when performing the 
cutting task rather than the approach into the cutting task. This once again highlights the 
importance of having the whole-body CoM be medially directed to successfully complete the 
sidestep cutting task.  
Sex differences in whole-body CoM mechanics have also been reported in the literature 
and have been seen both in the phase leading up to a sidestep cut and the sidestep cut itself. 
During unanticipated sidestep cutting, females (0.07±0.04 s) spend less time compared to males 
(0.12±0.04 s) in the preparatory phase of the movement, indicating males were able to make 
certain CoM postural adjustments prior to completing the movement (27). Females have also 
displayed a wider foot placement compared to males when completing an unanticipated cutting 
task, which increases the CoM distance away from the stance foot (27) and has previously been 
associated with increased knee abduction loading and increased ACL injury risk (197). Wyatt et 
al. (27) also suggested that males were more efficient when completing both anticipated and 
unanticipated sidestep cutting compared to females due to increased CoM velocity in the 
anteroposterior direction but decreased vertical CoM velocity.  
While most studies analyzing whole-body CoM strategies during dynamic movements 
have used traditional in vivo methods, the use of in silico methods allow for the examination of 
how muscle forces and joint moments contribute to the production of ground reaction forces that 
are necessary to accelerate the CoM during movement (34, 35, 198, 199). As described by 
Hamner et al. (34), the foot applies a force to the ground after forces generated by muscles are 




ground reaction force is then applied to the foot, which in turn accelerates the CoM in various 
directions. This CoM acceleration is equal to the ground reaction force divided by an 
individual’s total body mass (200). By isolating muscles to determine their contribution to CoM 
acceleration using a musculoskeletal modeling approach, it can be possible to link certain aspects 
of CoM acceleration and control to the actions of individual muscles Thelen et al. (201).  
It is important to keep in mind that muscle forces themselves do not directly provide 
insight into how they are acting during movement (38). Therefore, to assess each individual 
muscle’s force contribution to CoM acceleration and provide explanatory insight into how 
muscles are accelerating the CoM, IAA can provide a useful approach. This analysis is based on 
the dynamic coupling principles that each joint moment applied to a body will accelerate all 
joints of the body (202) and allows for the direct quantification of the contribution of each lower 
limb joint moment and/or muscle force to the CoM acceleration (203). Previous studies have 
used IAA to analyze how both muscle forces and joint moments contribute to movements such 
as walking (204-206), stair ambulation (203), hopping (207), running (35, 208), and sidestep 
cutting (209, 210). Most recently, Sankey et al. (28) used IAA to determine how individual joint 
moments contribute to the medial ground reaction force during sidestep cutting, as the medial 
vector of the ground reaction force is the key component that determines the change of CoM 
direction. These studies highlight the interplay between body segments and segment muscles that 
produce movement and how they contribute to CoM control.  
Estimating Metabolic Demands in Dynamic Tasks 
Analyzing the energetics of human movement can potentially be the most informative 
biomechanical analysis because it quantifies the energy responsible for producing movement 




intake and minimize energy use) (42) and leads to the expectation that muscles will not perform 
more mechanical work than necessary to complete a task (211). Additionally, the physiology of 
our musculoskeletal system is designed for us to minimize the energy required to efficiently 
move (42). Frequent decelerations and accelerations, commonly seen in change of direction 
movements in soccer, require high levels of mechanical and metabolic work (212). Being able to 
assess the workloads required to complete common movements in soccer is vital in both 
optimizing physical preparation and assessing the physical performance of soccer players (213, 
214). Furthermore, determining the magnitude of energy absorption during dynamic tasks can 
assist researchers in understanding what type of energy absorption strategy is used (215, 216) 
and if mechanical demands can be altered to potentially reduce injury risk (216-218). 
While there are traditional methods of assessing workload, such as measuring heart rate, 
blood lactate levels, and oxygen consumption (219) during physical activity, the use of 
musculoskeletal modeling also makes it possible to predict the metabolic cost of muscle actions 
using Hill-type muscles (41, 220-222). Tasks such as walking (40, 41), running (42), and cycling 
(223) have previously been used when using musculoskeletal methods of estimating metabolic 
costs. However, there is limited research predicting the metabolic cost of common athletic 
movements such as sidestep cutting (224), and to the best of the author’s knowledge, no research 
is available that predicts the metabolic cost of common sidestep cutting soccer movements using 
a musculoskeletal modeling approach. In the absence of traditional energy expenditure methods 
(heart rate, lactate levels, etc.), equations to estimate instantaneous energy cost of accelerated 
running have been developed to provide researchers and clinicians an alternative way to estimate 




Using one such equation, Hader et al. (224) compared the metabolic demands needed to 
perform change of direction movements and straight-line sprinting in soccer players. They found 
that change of direction movements was less metabolically demanding compared to sprinting. 
The authors theorized this was likely due to lower metabolic demands demonstrated during the 
deceleration portion of the change of direction movement that are not compensated for during the 
re-acceleration portion of the movement. For example, the percentage of estimated energy 
expenditure during the deceleration phase of a 90° cut was 16%, while the percentage of 
estimated energy expenditure during the re-acceleration phase was 54%. Similar results were 
seen when analyzing a 45° cut, with 10% of the estimated energy expenditure occurring during 
the deceleration portion and 43% of the estimated energy expenditure occurring during the re-
acceleration portion of the sidestep cut. They went on to further explain that this decrease in 
metabolic demand during deceleration is likely caused by increases in eccentric muscle 
contractions, which have been estimated to be two to six times less metabolically demanding for 
the same amount of work when performed with concentric contractions (225, 226). Not 
surprisingly, Hader et al. (224) found that 90° sidestep cuts were less metabolically demanding 
than 45° sidestep cuts due to greater decelerations and greater eccentric contractions seen during 
the larger cut (-3.00±0.78 m/s2) compared to the smaller cut (-1.12±0.82 m/s2). While equations 
are available to estimate energy expenditure during activities, it’s important to keep in mind 
underestimations of energy cost have been reported in dynamic tasks (227, 228). Estimating 
subject-specific energy expenditure using musculoskeletal modeling will likely provide more 






The ACL is one of the most important ligaments in the knee but is also one of the most 
injured ligaments of the knee. Noncontact ACL injuries are not only extremely common in 
athletic populations but have become an economic burden on the healthcare system and have 
several long-term physical and mental consequences after the injury. Epidemiological studies 
have identified athletic females of being more than two times more likely to sustain a noncontact 
ACL injury compared to males, with female soccer being the sport with one of the highest rates 
of ACL injury. While certain abnormal kinematic and kinetic variables have been identified that 
can place females at an increased risk of ACL injury, along with injury prevention and 
rehabilitation training, ACL injuries continue to be common in female athletes. This has led 
researchers to evaluate whole-body movement mechanics and how body movements are related 
to potential injury risk. However, most of the research conducted on lower extremity 
biomechanics and ACL injury has been conducted on older, mature females and may not be 
representative of potential injury risk in young females going through the maturation process. 
Several physiological, biomechanical, and neuromuscular changes occur during the maturation 
process. However, it is still not completely understood how these changes place young females at 
an increased risk of injury. Understanding how alterations in lower extremity biomechanics 
throughout the maturation process affect neuromuscular control of the lower extremities can 
offer greater insight into why certain females in the maturation process are at an increased risk of 
ACL injury. This information may also aid clinicians and coaches in determining when during 











The purpose of this study was to examine the effects of maturation on ACL loading, 
individual muscle contribution to center of mass acceleration, and muscle metabolic cost during 
unanticipated sidestep cutting in young female soccer players. This chapter described the 
methods used to conduct the study and address the two aims for the current study. Data used in 
this study was previously collected at High Point University, High Point, North Carolina 
between May 2016 to June 2018 and have since been published (188). The data was subject de-
identified, and no participant-identifying information was provided, thus not requiring IRB 
approval from either institution. The research team at High Point University allowed us to 
publish the findings of the current study. Explanations of participants, instrumentation, and 
experimental procedures are described below, as seen in Westbrook et al. (188). OpenSim 
musculoskeletal modeling was used to generate simulations for the unanticipated cutting task for 
all participants. Residual reduction algorithm, computed muscle control, joint reaction analyses, 
induced acceleration analyses, and a metabolics energy consumption probe were used to address 
the two aims. Statistical parametric mapping and discrete statistical analyses were implemented 
to find the effects of maturation on ACL loading, muscle coordination, and muscle metabolic 
cost during an unanticipated cutting task.  
Participants 
Prior to data collection, the study was approved by the High Point University Institutional 
Review Board. A total of 150 young female soccer players participated in the study (age: 13.3 ± 
2.2 years, height: 1.56 ± 0.11 m, mass: 50.2 ± 11.3 kg). Participants were included if they were a 
female soccer player, between the ages of 9 and 19, and participating in sport with no reported 




criteria but was documented after enrollment into the study. For the purposes of this dissertation 
study, five participants’ data were excluded due to a previous ACL reconstruction, patellar 
instability, and Achilles tendon surgery. All testing procedures, benefits, and risks were 
explained, and a written informed consent was obtained. For participants 18 years or older, a 
signed written informed consent was provided. For participants under 18 years old, a signed 
written child assent and a signed written parental permission from a parent or guardian was 
provided. 
Every participant completed an electronic REDCap (Research Electronic Data Capture) 
survey (229) to determine demographic information, as well as parental heights for predicting 
adult stature percentage using the Khamis-Roche method (21, 45). Participants were classified 
into three groups based on their predicted adult stature percentage: prepubertal (less than 87% 
adult stature, n = 23, 10.4 ± 0.6 years, 1.39 ± 0.06 m, 35.68 ± 6.54 kg), pubertal (from 87 to 94% 
adult stature, n = 36, 11.8 ± 0.9 years, 1.51 ± 0.06 m, 43.52 ± 6.02 kg), and post-pubertal (greater 
than 94% adult stature, n = 87, 14.5 ± 1.6 years, 1.63 ± 0.06 m, 55.98 ± 8.54 kg) (23, 45). Leg 
dominance was determined by asking participants which leg they would kick a ball with as far as 
possible (230). All participants were provided laboratory standard cleated footwear (adidas 
x15.2, Beaverton, Oregon USA).  
For Specific Aim 1, simulations were generated for 36 young female soccer players using 
the motion and ground reaction force data of unanticipated cutting trials collected by Westbrook 
et al. (188). Prepubertal participants were classified as less than 87% adult stature (n = 12, 84.1 ± 
1.6% adult stature, 10.3 ± 0.6 years, 1.38 ± 0.07 m, 34.26 ± 4.61 kg), pubertal from 87 to 94% 




and post-pubertal as greater than 94% adult stature (n = 12, 98.6 ± 0.9% adult stature, 15.3 ± 1.4 
years, 1.62 ± 0.06 m, 57.13 ± 6.46 kg). 
For Specific Aim 2, simulations were generated for 24 young female soccer players using 
the motion and force data of unanticipated cutting trials collected by Westbrook et al. (188). All 
subject data used in Specific Aim 2 was used in Specific Aim 1. Prepubertal participants were 
classified as less than 87% adult stature (n = 8, 84.0 ± 1.7% adult stature, 10.0 ± 0.4 years, 1.38 ± 
0.06 m, 35.19 ± 5.71 kg), pubertal from 87 to 94% adult stature (n = 8, 92.0 ± 1.7% adult stature, 
11.9 ± 1.0 years, 1.51 ± 0.07 m, 45.71 ± 9.10 kg), and post-pubertal as greater than 94% adult 
stature (n = 8, 98.4 ± 1.0% adult stature, 14.9 ± 1.6 years, 1.60 ± 0.05 m, 58.61 ± 7.26 kg). 
Instrumentation 
Three-dimensional (3D) lower extremity marker coordinate data were collected at 200 Hz 
using a 15-camera motion analysis system (Cortex v7, Motion Analysis Corp, Santa Rosa, 
California, USA). Ground reaction forces were measured synchronously at 1200 Hz using two 
AMTI force plates (Advanced Mechanical Technology Inc., Watertown, MA, USA) with 
synthetic turf secured to the force plates using carpet tape. Participants were instrumented with 
43 reflective markers securely placed with double-sided tape on the sternum, sacrum, left 
posterior superior iliac spine (PSIS), C7, 3 points on the upper back, and bilaterally on the 
shoulder, upper arm, elbow, wrist, anterior superior iliac spine (ASIS), greater trochanter, 
midthigh, medial and lateral knee joint line, tibial tubercle, midshank, distal shank, medial and 
lateral malleolus, heel, dorsal surface of the lateral foot, lateral rear foot, and metatarsal of the 2nd 
toe (188, 231). A static trial was collected to determine participant neutral alignment and 





Participants came into The Human Biomechanics & Physiology Laboratory for one 
session and completed a bilateral drop vertical jump task, an unanticipated sidestep cutting task 
off the dominant leg, and an unanticipated sidestep cutting task off the non-dominant leg (188, 
232). For the purpose of this study, only the unanticipated cutting trials were used. Prior to the 
beginning of data collection and after the static trial was collected, participants completed a self-
selected warmup and 1-2 practice trials for each task.  
The unanticipated cutting task consisted of a series of 90° sideways cuts and backpedals. 
Unanticipated sidestep cutting data was available for 138 out of the 150 participants. Participants 
started 5 meters away from the force plates and were instructed to run towards the force plates at 
75% of their maximal speed. Prior to each trial, participants were instructed which leg they were 
to use, but they did not know as they approached whether they would perform a backpedal or 
sidestep cut. Participants were also not specifically told to land on the force plate, as to minimize 
any potential changes in their running style. A set of targets (FITLIGHT trainers™, FITLIGHT 
Sports Corp., Aurora, Ontario, Canada) was placed behind the force plates and provided 
illuminated directional target cues to indicate whether a cut or backpedal task was to be 
performed. As participants passed a trigger placed 2 meters in front of the force plates, one of the 
directional target cues illuminated, indicating whether they were to plant on the instructed leg 
and cut 90° to the opposite side or plant and backpedal towards where they started (Error! R
eference source not found.). For example, if participants were instructed to use their right leg, 
they would plant on the right leg and cut 90° to the left. The order of cutting and backpedal tasks 
appeared randomly to each participant. Approach velocity was monitored using timing gates 




pubertal: 2.84 ± 0.34 m/s, post-pubertal: 2.98 ± 0.34 m/s). A trial was successful if they 
performed the cut or backpedal task on the correct leg, and they were in full contact on the force 
platform. Three sidestep cutting trials were collected off the dominant and off the non-dominant, 
for a total of six trials.  
Data Analysis 
Raw 3D marker trajectories and GRF data were filtered at 12 Hz in Visual3D (v6, C-
Motion Inc., Rockville, MD) (45). For all conditions, the stance phase was defined as the time 
from initial contact (IC), when the vertical ground reaction force (GRF) was greater than 10 N, 
and toe-off, when the vertical GRF was less than 10 N. An inverse kinematics (IK) algorithm 
was used to define joints and to specify the properties of all joints during export from Visual3D 
to the musculoskeletal software (233).  
Musculoskeletal Modeling 
OpenSim (v3.3, http://simtk.org) was used to simulate the unanticipated cutting trials 
(152). An eight segment, 23-degree-of-freedom (dof) musculoskeletal model, modified by Lai et 
al. (234) was scaled to match each participant’s anthropometry based on experimentally 
measured anatomical landmarks. This musculoskeletal model was modified from the full-body 
model provided by Rajagopal et al. (235). Only the lower extremities and trunk segments were 
used for the purposes of this study. The bilateral model was driven by 80 total Hill-type 
musculotendon actuators for the lower extremities, with 40 actuators per leg. Each hip was 
modeled as a 3-dof (i.e., flexion/extension, abduction/adduction, internal/external rotation) ball-
and-socket joint. The knee joint was modeled as a 1-dof (i.e., flexion/extension) revolute joint. 
Coupled tibial rotation and translation relative to the femur was constrained as a function of knee 




kinematics were included in the model, modified so that the patella articulated with the femur, 
and was constrained as a function of knee flexion angle, using the equations provided by Arnold 
et al. (237). The ankle, subtalar, and metatarsophalangeal joints were modeled as 1-dof pin joints, 
with the joint axes being consistent with measurements made by Inman (238). The head and 
torso were modeled as one rigid segment connected to the pelvis by a 3-dof ball-and-socket joint, 
specified using torso-fixed ZXY rotations (lumbar extension, bending, and rotation, respectively) 
(239). Lumbar rotations were driven by torque actuators.  
After the model was scaled to individual anthropometric measurements, an Inverse 
Dynamics (ID) analysis was used to determine the net forces and moments at each joint that 
would produce the specific movement of the unanticipated cut. Residual reduction algorithm 
(RRA) was used to minimize the effects of modeling and marker data errors that accumulated 
and lead to large nonphysical compensatory forces called residuals. RRA is a form of forward 
dynamics that uses computed muscle control as a tracking controller but does not include 
muscles in the model. This allows for the mass distribution and joint kinematics to be more 
consistent with the ground reaction forces. Each dof in the model is actuated by a single torque 
actuator, and the remaining six residual dof (3 translational residual actuators, 3 rotational 
residual torques/moments) are between the model’s pelvis and the ground. Noise and other errors 
can enter into musculoskeletal modeling assumptions, leading to dynamic inconsistencies 
between the ground reaction forces and accelerations estimated from marker coordinate data. 
Because of these inconsistencies, Newton’s Second Law,  
𝐹 = 𝑚𝑎 (1) 
is not satisfied, leading to the six residuals adding a new force to the equation to account 




𝐹 +  𝐹𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝑚𝑎 (2) 
Mass adjustment recommendations, calculated as the average vertical force divided by 
gravity, are then given to the researcher to apply to the model, if needed. Task weights for each 
of the dof of the model, as well as optimal forces for the residual actuators, are then modified in a 
way that reduces the need for residuals to closely follow the desired kinematics of the motion, so 
that they motion is generated purely by internal joint moments. Root mean squared (rms) 
differences in pelvis translations, as well as pelvis rotations and joint angles between the inverse 
kinematics motion file and RRA-adjusted motion file were kept below 2cmm and 2°, 
respectively. Due to the large dynamic demands for the unanticipated cut (188), tentative 
residual bounds between ground and pelvis joint were set at 50 N for force and 50 Nm for 
torque. Once force and torque residuals, as well as errors between experimental data and RRA 
kinematics, were below the predefined bounds, an adjusted model and adjusted kinematic motion 
file were created. To evaluate simulation accuracy, joint moments computed from Inverse 
Dynamics were compared to RRA-derived joint moments. 
Next, computed muscle control (CMC) was used to generate a set of muscle excitations 
that produced a coordinated muscle-drive simulation of the unanticipated cutting trials (152, 201, 
240), using both the RRA-adjusted model and RRA-adjusted motion file. CMC uses a 
combination of proportional-derivative control and static optimization to generate a forward 
dynamic simulation that closely tracks the RRA-derived kinematics. CMC incorporates 
generalized coordinates (joint angles), generalized speeds (joint angular velocities), and 
musculotendon contraction dynamics and muscle excitation-activation dynamics into a forward 
dynamic simulation. The CMC algorithm computes a set of desired accelerations that will drive 




formulation for the static optimization problem used in CMC was the sum of squared controls 
augmented by a set of equality constraints that requires the desired accelerations to be achieved 
within the tolerance set for the optimizer. Finally, the CMC algorithm uses a forward dynamic 
simulation advancing by a user-specified time step to compute the desired accelerations. To 
evaluate CMC simulation accuracy, RRA-derived joint moments were compared to muscle joint 
moments generated by the simulated muscle forces. Because participant electromyography was 
not available for analysis, simulated muscle activations were also compared to Neptune et al. 
(241). 
ACL load during the unanticipated sidestep cutting task was calculated using CMC-
derived muscle forces, knee flexion angle from the CMC-adjusted kinematics, and estimated 
anteroposterior knee joint reaction loads from OpenSim, reported in the tibial reference frame as 
inputs (32, 33, 146). OpenSim’s Joint Reaction Analysis (JRA) calculates resultant forces and 
moments that are transferred between consecutive bodies as a result of all loads acting on the 
model, and these loads correspond to the internal loads carried by the joint structure. These loads 
represent the contributions of all un-modeled joint structures that would produce the desire joint 
kinematics (e.g., cartilage contact and any omitted ligaments) (242).  
An induced acceleration analysis (IAA) was used to determine each muscle’s 
contribution to mediolateral (ML), anteroposterior (AP), and vertical whole-body center of mass 
accelerations, similar to other studies investigating muscle force contributions to CoM 
acceleration (34, 35, 199, 202, 206, 208). This analysis computes accelerations that are 
“induced” by individual forces acting on the model. Muscle forces, gravity, and forces due to 
velocity effects were each applied in isolation to calculate its contribution to the center of mass 




(35). Individual muscles were grouped based on their function: quadriceps (vastus medialis, 
vastus intermedius, vastus lateralis, and rectus femoris), hamstrings (biceps femoris long and 
short heads, semimembranosus, and semitendinosus), gastrocnemius (medial and lateral 
gastrocnemius, soleus, hip abductors (gluteus maximus, gluteus medius, gluteus minimus, 
pipriformis, sartorius, and tensor fascia latae), and other muscles (all other muscles).  
Lastly, to estimate rate of metabolic energy consumption (i.e., muscle metabolic power) 
during the unanticipated sidestep cutting task, Umberger’s metabolics model (40, 41) with some 
modifications (42) was implemented with the Umberger2010MuscleMetabolicsProbe in 
OpenSim 3.3. This probe calculates the rate of energy as a function of work rate (ẇ), heat rates 
due to muscle activation (ḣa), maintenance of contraction (ḣm), and muscle shortening and 
lengthening (ḣsl):  
Ė =  ẇ +  ḣ𝑎 +  ḣ𝑚 +  ḣ𝑠𝑙 (3) 
The modifications made to this metabolics musculoskeletal model were provided by Uchida et 
al. (42). These include: 1) an orderly recruitment model to determine the ratio of slow- to fast-
twitch fibers that were excited at each instant of the simulation, and 2) the inclusion of negative 
mechanical work using the equation for the lengthening heat rate coefficient from Umberger et 
al. (41). During eccentric muscle contractions, energy is absorbed by the muscles, leading to 
negative mechanical work (i.e., net energy absorption), and most of the energy absorbed is 
eventually converted into heat (243). Therefore, Uchida et al. (42) prevented the total 
instantaneous power from becoming negative and constrained the total instantaneous power to be 
non-negative, which aligns with Miller (244). Average whole-body metabolic rate was calculated 
by the following: summing the rate of energy consumption of all muscles in the model 




whole-body rate over the stance phase and divided by the duration of the stance phase, similar to 
Dembia et al. (245). Average metabolic rates for the quadriceps, hamstrings, gastrocnemius, 
soleus, hip abductors, and all other muscles were also calculated by summing the rate of energy 
consumptions for the respective group muscles, then following the same calculation as above.  
Statistical Analysis 
To address Specific Aim 1, a one-way between-subjects ANOVA between the three 
maturation groups was implemented using one-dimensional statistical non-parametric mapping 
(SnPM{F}) to compare mean ACL loading waveforms over the duration of the stance phase 
(246, 247). If the overall ANOVA was statistically significant, non-parametric independent t-
tests (SnPM{t}) were conducted to identify any pairwise differences between maturation groups. 
Prior to implementation of the SnPM{F} analysis, the estimated ACL loading was determined to 
violate normality assumptions, resulting in non-parametric testing (Figure 9). Significance for all 
tests was set to α ≤ 0.05. 
For Specific Aim 2, separate one-way between-subjects ANOVAs between the three 
maturation groups were implemented using (SPM{F}) to compare muscle group contributions to 
anteroposterior, vertical, and mediolateral center of mass acceleration during the stance phase of 
both unanticipated sidestep cutting task (246). The data were checked for normality prior to the 
implementation of SPM{F} (Figure 9-43). If the overall ANOVA SPM{F} was statistically 
significant, parametric independent t-test (SPM{t}) post hoc analyses were conducted between 
maturations groups. Additionally, for Specific Aim 2, a 1 × 3 (task × maturation group) between-
subjects ANOVA was used to detect any between-subjects (maturation group) differences for 
average metabolic rates for the total-body, quadriceps, hamstrings, gastrocnemius, soleus, hip 




comparisons between maturation groups were performed, with corresponding effect sizes 
calculated. The statistical analysis plans for Specific Aim 1 and Aim 2 are presented in Table 1 
and 2, respectively.  
SPSS (v26, SPSS Inc., Chicago, IL, USA) was used to analyze average metabolic rates 
between maturation groups, with an alpha level set to 0.05. MATLAB (R2020a, MathWorks, 
Natick, MA, USA) was used to conduct the statistical non-parametric and parametric analyses 
using the free and open-source code (248). SPM is a continuous, n-dimensional methodology for 
the topological analysis of smooth continuum changes seen with experimental studies (249) and 
can be effectively applied in biomechanics research (250). This type of analysis enables us to 
understand any differences over the entire stance phase rather than testing discrete points. It is 
highly flexible (251) and has been validated extensively (252, 253). There are two primary 
advantages to using SPM analyses over more traditional summary-metric approaches (250). 
First, the statistical results are presented in the original sampling space, so the spatiotemporal 
context of the results is immediately available. Second, there is no need for a priori assumptions 
regarding the spatiotemporal foci of signals, which can potentially bias the results, because it 
tests the entire domain (246). The resulting statistics (e.g., SPM(t) and SPM(F) statistics) are 
known as “parametric maps” due to how they are compute – using a parametric approach and 
because they map, node-by-node, the spatial/temporal process of interest (249). Statistical 
significance is reached when a specified threshold is met. This is done using random field theory, 
which calculates the probability that observed vector field changes resulted from chance vector 
field fluctuations (254). Briefly, as the random field smoothness increases, so does the range of 
clusters that surpass the designated threshold, and ultimately, one single p-value for each 




to ensure that not more than α% of the points in the vector field reach significance simply by 
chance (254, 255). Lastly, SPM solves for both regional focus bias (i.e., Type I or Type II error 
from failure to consider the entire measurement domain) and inter-component covariance bias 
(Type I or Type II error from failure to consider covariance amongst vector components) by 
considering all vector components across the entire domain, while simultaneously handling 
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Anterior cruciate ligament (ACL) injury rates are increased in female soccer players 15 
years or older of almost twofold. After the onset of maturation, females typically are unable to 
regain neuromuscular control about the knee and may ultimately lead to injury. While direct 
measurements of forces being applied to the ACL are invasive, musculoskeletal modeling and 
simulation allows for the estimation of ACL loading during dynamic tasks. The purpose of this 
study was to determine the effects of maturation on estimated ACL loading in adolescent female 
soccer players during unanticipated cutting using a musculoskeletal modeling approach. 
Simulations were generated for 36 adolescent female soccer players (12 prepubertal, 12 pubertal, 
12 post-pubertal) during unanticipated cutting trials. Muscle, joint, and ACL forces were 
estimated using subject-specific musculoskeletal models. A 1 × 3 between-subjects ANOVA was 
used to compared ACL loading between maturation groups using statistical parametric mapping. 
ACL loading was significantly greater in post-pubertal adolescent females compared to 
prepubertal adolescent females. Results are consistent with previous studies identifying a lack of 
dynamic control in older females after the onset of maturation. Implementation of neuromuscular 
training programs in adolescent females prior to the onset of maturation may allow for reduction 






Anterior cruciate ligament (ACL) injuries continue to be significant, season-ending 
injuries in youth soccer players (169), with injury rates increasing at a greater rate in female 
adolescents over the past 20 years (18). ACL injuries are more common in older females (18, 90, 
257), with female soccer players 15 years or older being at an almost twofold increased rate of 
injury compared to younger female soccer players (19). Several changes occur during the 
adolescent growth spurt, including increases in weight, contributing to increased load on the 
skeleton (258), and increases in height, contributing to longer tibial and femoral lever arms and 
likely increased torque experienced at the knee joint (23). It is theorized that while male athletes 
typically regain neuromuscular control of the body after the onset of maturation, female athletes 
are less likely to regain neuromuscular control (23). Consequently, this lack of neuromuscular 
control in females can expose the passive restraints of the knee to greater forces and torques 
without the ability to effectively absorb and dissipate them (186) and may ultimately lead to 
injury.  
Most ACL injuries in female soccer players are non-contact in nature and occur during 
cutting maneuvers (259). These movements are often performed under unanticipated situations 
that require rapid movement responses to implement a chosen movement strategy (259, 260). 
However, the potential for injury will increase if the chosen neuromuscular control strategy 
reduces the muscles’ abilities to stabilize and protect the lower extremity, especially the soft 
tissue and ligaments of the knee joint, against the large loads experienced during unanticipated 
movements (260-262). The knee flexor and extensor muscles are vital in moderating the amount 
of anteriorly-directed load experienced on the ACL (84), and when the magnitude of that load 




exhibit a quadriceps-dominant profile, indicating greater involvement of the quadriceps 
compared to the hamstrings during cutting (106), and may predispose females to future ACL 
injuries during dynamic tasks (139).  
While numerous lower extremity biomechanical and neuromuscular changes have been 
identified throughout the maturation process that likely increase the risk of ACL injury in older 
female athletes (23, 24, 45, 188), in vivo measurements of ACL loading are extremely invasive 
which makes it difficult to assess the relationships between neuromuscular control and ACL 
loading. Fortunately, musculoskeletal modeling can provide researchers insight into both muscle 
function and human movement control by assessing estimates of certain physiological 
parameters, including muscle and ligament forces, that are difficult to measure (37, 38). To date 
however, musculoskeletal modeling has not been utilized to examine how maturation affects 
estimated ACL loading during high-risk dynamic movements. 
Therefore, the purpose of this study was to determine the effects of maturation on 
estimated ACL loading in adolescent female soccer players during unanticipated cutting using a 
musculoskeletal modeling approach. It was hypothesized that ACL loading would be greater in 
post-pubertal females compared to pubertal and pre-pubertal females. Understanding how the 
lower extremity musculature and maturation status affects ACL loading can aid researchers and 
clinicians in creating improved injury prevention programs that may better target those at an 
increased risk of injury during high-risk movements.  
Methods and Materials 
Participants  
Simulations were generated for 36 young female soccer players, randomly selected from 




healthy with no previous lower extremity injury or surgery. Maturation groups were determined 
based on predicted percent adult stature using the Khamis-Roche method (21, 188). Prepubertal 
participants were classified as less than 87% adult stature (n = 12, 84.1 ± 1.6% adult stature, 10.3 
± 0.6 years, 1.38 ± 0.07 m, 34.26 ± 4.61 kg), pubertal from 87 to 94% adult stature (n = 12, 
92.05 ± 1.5% adult stature, 12.0 ± 0.9 years, 1.51 ± 0.06 m, 45.06 ± 7.71 kg), and post-pubertal 
as greater than 94% adult stature (n = 12, 98.6 ± 0.9% adult stature, 15.3 ± 1.4 years, 1.62 ± 0.06 
m, 57.13 ± 6.46 kg).  
Procedures 
Participant setup, experimental procedures for the unanticipated cut, and data analysis 
have been described previously (188). Briefly, participants completed either unanticipated 90° 
side cuts or backpedals. Participants were informed which leg to land on prior to the trial, and 
directional target cues were used to indicate whether to perform a side cut or backpedal. The 
stance phase for the unanticipated cuts was between initial contact and toe-off, using a vertical 
ground reaction force threshold of 10 N to identify both events.  
Musculoskeletal Modeling  
OpenSim (v3.3, http://simtk.org) was used to simulate the unanticipated cutting trials 
(152). An eight segment, 23-degree-of-freedom (dof) musculoskeletal model (235), modified by 
Lai et al. (234) was scaled to match each participant’s anthropometry based on experimentally-
measured anatomical landmarks. Each hip was modeled as a 3-dof ball-and-socket joint. Each 
knee was modeled as a 1-dof hinge joint. Knee abduction-adduction and internal-external 
rotation, along with anteroposterior and superior-inferior translations, were constrained to change 




was actuated by 40 musculotendon actuators (265), with lumbar rotations driven by torque 
actuators.  
Residual reduction algorithm (RRA) was used to reduce errors inherent in both data 
collection and modeling procedures and calculate joint moments that would recreate 
experimentally measured motions (152, 201). Briefly, RRA acts to resolve dynamic 
inconsistencies between measured kinematics and ground reaction forces by applying a set of 
residuals to a body in the model (i.e., the pelvis), as well as making slight adjustments to trunk 
center of mass, joint kinematics, and model mass properties (< 2cm for linear and < 2° for 
angular dof). Due to the large dynamic demands for the unanticipated cut (188), tentative 
residual bounds between ground and pelvis joint were set at 50 N for force and 50 Nm for 
torque, both of which are greater than the recommendations for gait. Once force and torque 
residuals, as well as errors between experimental data and RRA kinematics, were below the 
predefined bounds, an adjusted model was created. To evaluate simulation accuracy, joint 
moments computed from Inverse Dynamics were compared to RRA-derived joint moments.  
Next, the adjusted model was used in the computed muscle control (CMC) analysis to 
generate a set of muscle excitations that produced a coordinated muscle-drive simulation of the 
unanticipated cutting trials (152, 201, 240). CMC uses a combination of proportional-derivative 
control and static optimization to generate a forward dynamic simulation that closely tracks the 
RRA-derived kinematics. CMC incorporates musculotendon contraction dynamics and muscle 
excitation-activation dynamics into a forward dynamic simulation. The fast target formulation 
was used during CMC analyses. To evaluate CMC simulation accuracy, RRA-derived joint 




participant electromyography was not available for analysis, simulated muscle activations were 
also compared to Neptune et al. (241). 
Lastly, a previously established data-driven model was used to estimate ACL loading 
(FACL) relative to the tibial coordinate system (32, 33, 146) during the unanticipated cut trials. 
The required inputs were knee flexion angle from the adjusted kinematics motion file and 
anteroposterior knee joint reaction forces, computed in the Joint Reaction Analysis using CMC-
derived muscles forces (242).  
Statistical Analysis 
Dependent variables for this study included FACL, net knee flexor muscle force, and net 
knee extensor muscle force across the stance phase of the unanticipated cut. As the knee extensor 
and flexor muscle groups are highly influential of the magnitude of ACL loading that occurs 
(84), individual muscle forces derived from CMC were summed together. Net knee flexor 
muscle force was calculated as the sum of the biceps femoris long and short heads, 
semimembranosus, semitendinosus, sartorius, gracilis, and both medial and lateral heads of the 
gastrocnemius. Net knee extensor muscle force was calculated as the sum of the rectus femoris, 
vastus lateralis, vastus intermedius, and vastus medialis.   
One-way ANOVAs between maturation groups were implemented using one-
dimensional statistical non-parametric mapping (SnPM{F}) to compare mean FACL, net knee 
flexor, and net knee extensor force waveforms over the duration of the stance phase (246, 247). 
If the overall ANOVA was statistically significant, non-parametric independent t-tests 
(SnPM{t}) were conducted. A continuous statistical analysis was used to understand any 
differences over the entire stance phase rather than discrete time points. Scalar output SnPM{F} 




parametric map. Random field theory was used to estimate the curve temporal smoothness, 
which was based on the average temporal gradient of the data curve (246). Statistical 
significance was achieved when the value of the SnPM{F} statistic curve crossed a critical {f} 
threshold, where only 5% of the data would be expected to reach. Supra-threshold clusters were 
identified as adjacent points along the SnPM{F} curve that reach statistical significance. Cluster-
specific p-values and associated non-parametric η2, based on the H-statistic, effect size for the 
overall ANOVA test (266) were then calculated based on supra-threshold cluster sizes. A small 
effect for ηH
2 was less than 0.06, a moderate effect was between 0.06 and 0.14, and a large effect 
was greater than 0.14. Furthermore, if statistically significant differences were present in the post 
hoc analyses, mean differences (MD) across the clusters were calculated (267). Significance for 
all tests was a priori set at p < 0.05. 
Results 
Optimal task weights were identified that resulted in simulations with minimal kinematic 
error that closely tracked the experimental data. Root mean square (rms) errors were less than 
1.02 mm for all pelvis translations and less than 0.27° for all pelvic rotations. Right leg rms 
errors were less than 0.33°. Left leg rms errors were less than 1.14°. The magnitudes for rms 
residual forces and residual moments were less than 30.5 N and 47.1 Nm, respectively (Table 1). 
Significant supra-threshold cluster ranges, supra-threshold cluster means ± standard deviations, 
and supra-threshold cluster-specific p values for FACL, net knee flexor muscle force, and net knee 
extensor muscle force for significant post hoc analyses are presented in Table 2. Simulated 
muscle activation showed mostly similar features to that of Neptune et al. (241) (Figure 1). 
The overall SnPM ANOVA for FACL revealed significant differences between maturation 
groups from 41-47% (F = 6.458, p = 0.023, ηH




(Figure 2A, B)). Post hoc independent t-tests showed significantly greater FACL in the post-
pubertal group compared to the prepubertal group (Figure 2G, H) from 34-52% of the stance 
phase (MD = 193.02 N, p = 0.002). No statistically significant differences were found between 
prepubertal and pubertal groups (Figure 2C, D)) or between pubertal and post-pubertal groups 
(Figure 2E, F).  
When examining net knee flexor muscle force, the overall SnPM ANOVA showed 
statistically significant differences between maturation groups from 0-6% (F = 6.451, p = 0.007, 
ηH
2 = 0.135) and 72-86% (p = 0.009) of the stance phase (Figure 3A, B)). Post hoc analyses 
revealed significantly greater knee flexor muscle force in the post-pubertal group compared to 
the pubertal group from 0-4% (MD = 258.34 N, p = 0.023) and 72-87% (MD = 430.92 N, p = 
0.006, Figure 3E, F) of stance. Post hoc analyses also revealed significantly greater knee flexor 
muscle force in the post-pubertal group compared to the prepubertal group from 0-6% (MD = 
389.94 N, p = 0.008) and 62-83% (MD = 456.54 N, p = 0.006, Figure 3G, H) of the stance phase. 
No significant differences in net knee flexor muscle force were found between prepubertal and 
pubertal groups (Figure 3C, D). 
Lastly, the overall SnPM ANOVA showed statistically significant maturation group 
differences in net knee extensor muscle force from 19-93% (F = 6.443, p < 0.001, ηH
2 = 0.135) 
of stance (Figure 4A, B). Post hoc analyses showed statistically significant differences between 
prepubertal and pubertal groups, pubertal and post-pubertal groups, and prepubertal and post-
pubertal groups. The pubertal group exhibited significantly greater knee extensor muscle force 
compared to the prepubertal group from 35-72% (MD = 794.55 N, p = 0.001, Figure 4C, D) of 
the stance phase. The post-pubertal group displayed significantly greater knee extensor muscle 




of stance. Lastly, the post-pubertal group had significantly greater knee extensor muscle force 
compared to the prepubertal group from 17-94% (MD = 1216.50 N, p < 0.001, Figure 4G, H) of 
the stance phase. 
Discussion 
The purpose of this study was to determine maturation effects on estimated ACL loading 
during unanticipated cutting in adolescent female soccer players using a musculoskeletal 
modeling approach. Gaining a deeper understanding of the relationship between the musculature 
surrounding the knee and ACL loading can aid in identifying females at increased risk of ACL 
rupture and developing improved injury prevention programs. Our main finding was that 
estimated ACL force was greater in post-pubertal females compared to pre-pubertal females, 
which is partially in support of our hypothesis. Additionally, post-pubertal females exhibited 
both increased net knee flexor and net knee extensor muscle forces compared to younger females 
during the unanticipated cuts.  
Older age (15 years or old) and pubertal stage (Tanner stages 4 and 5, mean age 15.5 
years) have been previously linked to increased injury risk in adolescent females, including ACL 
injuries (19, 268). Interestingly, prepubertal boys have increased ACL injury rates compared to 
prepubertal females (257, 269). However, following the onset of the pubertal growth spurt, 
female athletes experience both neuromuscular imbalances and biomechanical alterations that 
incrementally increase frontal plane loading about the knee, which has been associated with 
increased ACL injury risk (12, 24, 45, 179, 188). While males naturally demonstrate a 
“neuromuscular spurt” to match the increased demands of maturation starting at puberty (45), it 
is theorized that females are unable to regain dynamic neuromuscular control about the knee as 




both height and mass and a change in center of mass location, and females are unable to adapt to 
the musculoskeletal changes that occur throughout the maturation process (23, 24, 179, 257).  
A moderate-to-large effect size was present for ACL loading, with post-pubertal females 
exhibiting increased ACL loading from 34-52% of stance compared to prepubertal females but 
not pubertal females (Figure 2). This corresponds with previous findings that after the onset of 
maturation, increased joint loading is experienced in female athletes (23, 188). Moderate-to-large 
effect sizes were also present for net knee extensor and net knee flexor muscle forces, which 
highly influence ACL loading. The post-pubertal group also displayed greater knee extensor 
muscle forces during the same duration of the stance phase (Figure 4), which parallels the 
findings of Westbrook et al. (188). In their study, which this data is simulated from, they showed 
significantly greater external knee flexion moments in the post-pubertal group compared to the 
other two groups, meaning there were greater internal extension muscle moments generated by 
the quadriceps to create a greater anteriorly directed load on the ACL (270). What is concerning 
for the post-pubertal females is the substantially greater increases in net knee extensor forces 
(~900-1200 N) compared to increases in net knee flexor forces (~250-550N) when compared to 
the other two maturation groups (Table 2). This imbalance in force between muscle groups 
highlights the quadriceps-dominant pattern that emerges later in maturation (102). Targeting the 
hamstrings early in the maturation stages to increase muscle force and efficiently counteract the 
quadriceps during dynamic tasks will likely decrease the load on the ACL. It should be noted 
that the post-pubertal group completed the unanticipated cutting task at a faster approach 
velocity (2.98 ± 0.34 m/s) compared to both prepubertal (2.8 ± 0.25 m/s) and pubertal (2.84 ± 




and likely contributing to the increased need for the quadriceps to apply a braking force prior to 
completing the cut.  
There were no significant differences in estimated ACL loading between post-pubertal 
and pubertal maturation groups, even though there was an approximate 150 N difference in ACL 
force between groups. The amount of quadriceps and hamstrings contractions,  and knee flexion 
angle all directly affect the amount of ACL tensile force experienced during movement (84). A 
possible explanation for why estimated ACL forces were not different between these two groups 
is that while post-pubertal females displayed greater knee extensor muscle forces compared to 
pubertal females (Figure 4E,F), there were no significant differences in knee flexion angles (188) 
or knee flexor muscle forces at the time of peak ACL loading between groups and the knee 
extensor group did not overload the ACL during the braking phase of the unanticipated cut. 
Differences in height, affecting both whole-body center of mass location and likely muscle 
moment arms, and mass between the two groups could have also contributed to the increased 
knee extensor forces in the post-pubertal group, as greater braking force would be needed to 
accommodate the greater forces that are likely to be experienced during the task.  
Certain limitations need to be addressed when analyzing the results of the current study. 
First, the differences between maturation groups were cross-sectional in nature and the method to 
determine maturation status was based on estimates of adult stature through regression equations 
based on longitudinal growth studies (21). Second, muscle activations were estimated using 
CMC, which is insensitive to variations in muscle activation and limited in its ability to quantity 
muscle coordination during dynamic tasks (39). Third, the generic model used to create subject-
specific simulations is based on an average-sized adult male (mass: 75 kg, height: 170 cm). 




properties when modeling adolescent participants. Lastly, while the computational equation to 
estimate ACL loading has been previously validated (32), it does not take into account changes 
in ACL material properties that occur throughout maturation (164), which would likely have an 
effect on the amount of load on the ACL.  
Conclusion 
Post-pubertal female soccer players exhibited greater estimated ACL loading compared 
to prepubertal female soccer players. Additionally, post-pubertal females exhibited significantly 
greater knee extensor muscle forces compared to both pubertal and prepubertal maturation, as 
well as substantially large extensor forces compared to flexor forces. Results from this study are 
consistent with previous studies identifying a lack of dynamic control in older females after the 
onset of maturation during dynamic tasks. It appears that the large knee extensor muscle forces 
experienced during the middle of the stance phase was the primary contributor to estimated ACL 
loading. Early identification of female adolescents who exhibit increased knee extensor forces 
during dynamic tasks could allow for the implementation of neuromuscular training programs, 
with the hamstrings being a primary muscle group to target, in order to improve the balance 




Appendix: Tables & Figures 
Table 1. Mean ±SD root-mean-square (rms) magnitude of the residual forces and moments, as 
well as rms errors between experimental and modeled kinematics. 
 rms 
 Prepubertal Pubertal Post-pubertal 
Residual forces (N)    
Fx 14.82 ± 9.35 19.99 ± 18.14 9.80 ± 11.01 
Fy 30.54 ± 16.67 30.47 ± 16.32 24.79 ± 19.01 
Fz 23.58 ± 14.20 24.66 ± 17.34 14.22 ± 12.32 
Residual moments (Nm)    
Mx 32.09 ± 13.13 36.37 ± 10.76 46.10 ± 12.98 
My 16.53 ± 6.70 24.15 ± 9.69 33.56 ± 8.51 
Mz 32.15 ± 11.59 47.10 ± 17.55 45.02 ± 25.79 
Pelvis translations (mm)    
Tx 0.49 ± 0.31 0.57 ± 0.38 0.53 ± 0.28 
Ty 1.02 ± 0.53 0.99 ± 0.34 1.00 ± 0.33 
Tz 0.76 ± 0.42 0.73 ± 0.44 0.61 ± 0.32 
Pelvic rotations (deg.)    
Tilt 0.13 ± 0.14 0.13 ± 0.17 0.16 ± 0.19 
List 0.14 ± 0.16 0.11 ± 0.13 0.13 ± 0.13 
Rotation 0.27 ± 0.28 0.23 ± 0.22 0.18 ± 0.16 
Right hip (deg.)    
Flexion 0.31 ± 0.25 0.27 ± 0.20 0.30 ± 0.23 
Adduction 0.33 ± 0.29 0.27 ± 0.30 0.15 ± 0.15 
Rotation 0.23 ± 0.17 0.20 ± 0.16 0.18 ± 0.13 
Right knee (deg.)    
Flexion 0.09 ± 0.08 0.14 ± 0.08 0.17 ± 0.16 
Right Ankle (deg.)    
Plantarflexion 0.22 ± 0.21 0.25 ± 0.24 0.20 ± 0.18 
Left hip (deg.)    
Flexion 0.53 ± 0.53 0.57 ± 0.41 0.99 ± 0.92 
Adduction 1.14 ± 1.31 1.14 ± 1.13 1.07 ± 1.08 
Rotation 0.23 ± 0.29 0.26 ± 0.16 0.34 ± 0.26 
Left knee (deg.)    
Flexion 0.37 ± 0.30 0.59 ± 0.33 0.81 ± 0.85 
Left Ankle (deg.)    





Table 2. Supra-threshold cluster ranges, supra-threshold cluster means ± standard deviations, and 
supra-threshold cluster-specific p-values for estimated ACL loading (N), knee flexor muscle 
force (N), and knee extensor muscle force (N) for significant maturation group post hoc analyses. 
The knee flexor muscle group represents all knee-spanning muscles that flex the knee, while the 
knee extensor muscle group represents all knee-spanning muscles that extend the knee. 
 Range Prepubertal Pubertal Post-pubertal p-value 
FACL (N) 34-52% 361.64 ± 19.54 − 554.66 ± 35.34 0.002 
Knee flexor force 
(N) 
0-4% − 1113.93 ± 25.81 1372.71 ± 18.93 0.023 
0-6% 974.83 ± 25.61 − 1364.77 ± 21.27 0.008 
62-83% 1446.37 ± 61.97 − 1902.91 ± 37.63 0.006 
72-87% − 1492.22 ± 24.23 1923.14 ± 9.93 0.006 
Knee extensor force 
(N) 














p-value represents the cluster-specific value between maturation groups analyzed in the post 
hoc test. Range represents the percent of stance phase when the supra-threshold cluster was 






Figure 1. Comparison of simulated muscle activations from computed muscle control in the 
prepubertal (dashed-dotted line), pubertal (dashed line), and post-pubertal (solid line) maturation 
groups and experimental electromyography (EMG) data from Neptune et al. (241) (light gray 
area). Both simulated activations and experimental EMG are defined to be between 0 (fully 






Figure 2. Mean ACL loading and SnPM waveforms for the overall ANOVA SnPM{F} test 
between maturation groups (A, B), as well as post hoc comparisons and associated SnPM{t} 
tests for comparisons between prepubertal and pubertal (C, D), pubertal and post-pubertal (E, F), 
and post-pubertal and prepubertal (G, H) maturation groups. The left panel shows mean ACL 
loading for the prepubertal (PRE; dashed-dotted line), pubertal (PUB; dashed line), and post-
pubertal (POST; solid line). The right panel shows the SnPM{F} and SnPM{t} tests, describing 






Figure 3. Mean knee flexor muscle forces and SnPM waveforms for the overall ANOVA 
SnPM{F} test between maturation groups (A, B), as well as post hoc comparisons and associated 
SnPM{t} tests for comparisons between prepubertal and pubertal (C, D), pubertal and post-
pubertal (E, F), and post-pubertal and prepubertal (G, H) maturation groups. The left panel 
shows mean knee flexor muscle force for the prepubertal (PRE; dashed-dotted line), pubertal 
(PUB; dashed line), and post-pubertal (POST; solid line). The right panel shows the SnPM{F} 






Figure 4. Mean knee extensor muscle force and SnPM waveforms for the overall ANOVA 
SnPM{F} test between maturation groups (A, B), as well as post hoc comparisons and associated 
SnPM{t} tests for comparisons between prepubertal and pubertal (C, D), pubertal and post-
pubertal (E, F), and post-pubertal and prepubertal (G, H) maturation groups. The left panel 
shows mean knee extensor muscle force for the prepubertal (PRE; dashed-dotted line), pubertal 
(PUB; dashed line), and post-pubertal (POST; solid line). The right panel shows the SnPM{F} 




Chapter 5: Muscle Coordination Does Not Change, but Metabolic Cost of Unanticipated Cutting 






This article has not been published anywhere, nor will it be before I turn in the final version of 
my ETD, so I did not include a publication statement.  
 
Anterior cruciate ligament (ACL) injuries are more common in older adolescent females 
during movements with a rapid change of direction and are characterized with different internal 
loading demands during the braking and propulsive phases of the movement. Coordination of the 
body is required to maintain stability throughout dynamic movements, and muscle metabolics 
may be affected if movement strategies are inefficient. Musculoskeletal simulation allows for 
both the measurement of muscle contributions to center of mass acceleration and muscle energy 
expenditure during dynamic movements. The purpose of this study was to determine the effects 
of maturation on muscle coordination and metabolic cost in adolescent female soccer players 
during unanticipated cutting. Simulations were generated for 24 adolescent female soccer players 
(8 prepubertal, 8 pubertal, 8 post-pubertal) during unanticipated cutting trials. Muscle 
contributions to anteroposterior, vertical, and mediolateral center of mass accelerations and 
average muscle metabolic rates were calculated. A 1 × 3 between-subjects ANOVA was used to 
compared muscle contributions between maturation groups using statistical parametric mapping. 
Average metabolic rates were compared using a 1 × 3 ANOVA. No differences were present in 
muscle coordination between maturation groups, while post-pubertal females experienced greater 
average metabolic rates compared to young adolescent females. Results from this study highlight 
the large eccentric loading that occurs during 90° cuts that occur in soccer. Training programs 
that target the deceleration phase of the cut may enhance adolescent females’ ability in handling 





Anterior cruciate ligament (ACL) injury rates have been steadily increasing at a faster 
rate in female adolescents than male adolescents over the past 20 years (18). ACL injuries 
remain significant lower-extremity injuries in youth soccer (169) and are more common in older 
females (18, 90, 257). Hagglund et al. (19) found that adolescent females 15 years or older are at 
an increased risk of ACL injury compared to younger athletes. The adolescent growth spurt has 
been identified as a potential injury risk factor in athletes (23, 45, 271-273). Rapid increases in 
both weight and height lead to greater body mass and a higher center of mass, which can make 
controlling the body and dampening large forces experienced during high-velocity dynamic 
movements more difficult (23). After the onset of maturation, it is theorized that males can 
regain dynamic control of the knee joint while females typically do not (23, 45). Subsequently, 
the lack of neuromuscular control in female athletes after the onset of maturation can lead to 
neuromuscular imbalances and biomechanical alterations that could increase ACL injury risk in 
these athletes (24, 188). 
Rapid decelerations and accelerations make up a substantial part of the mechanical and 
metabolic workload in soccer (193, 224, 274, 275). However, a rapid deceleration followed by a 
change of direction and rapid acceleration has been identified as a common movement that 
preludes ACL injuries (259, 276). Different internal loading demands are placed on the soft 
tissues during the braking (i.e., decelerating) phase and propulsive (i.e., accelerating) phases of a 
change in direction movement (277). The braking phase is predominantly an eccentric motion 
that involves higher mechanical loads due to the large forces that must be absorbed, while the 
propulsive phase is predominantly a concentric motion that has a higher metabolic cost due to 




are unable to appropriately absorb these loads at the knee through eccentric contractions, soft-
tissue injury will occur (280, 281).  
Multi-joint movements require many muscles to work together in a coordinated manner  
(282), and coordinating the muscles to maintain center of mass control is prioritized above all 
other demands in dynamic movement (283, 284). If center of mass control is lost, excessive 
stress will likely be placed on the musculoskeletal system to avoid task failure, and this can 
result in dangerous joint loadings (28). The human body is also designed to maximize energy 
intake and minimize energy use by adopting movement strategies that are most economical (42, 
285), so it should be expected that if a sudden alteration in a movement causes a loss of center of 
mass control, metabolic cost would increase. Gaining a better understanding of how mechanical 
and metabolic responses to rapid changes in direction change throughout the maturation process 
may be useful in assessing potential injury risk in athletes. Additionally, evaluating the physical 
demands of training in soccer could help coaches and clinicians in reducing potential fatigue and 
injury that could occur throughout the season (286).  
Fortunately, musculoskeletal modeling has provided methods of establishing 
relationships between muscle actions and center of mass acceleration, such as the Induced 
Acceleration Analyses (IAA) (34, 35, 38), as well as calculating the energy expenditure of 
movement based on metabolic energy expenditure models (40-42, 220). While some studies have 
used IAA to analyze high-risk movements (28, 279), the majority have used IAA and metabolic 
energy expenditure models to analyze walking and running (34, 35, 40, 42, 287, 288). There is a 
lack of studies examining the muscle coordination and energy expenditure profiles in adolescent 




useful in understanding why older females display increased injury rates compared to younger 
females. 
Therefore, the purpose of this study was to determine the effects of maturation on muscle 
coordination and metabolic cost during unanticipated cutting in young female soccer players 
using a musculoskeletal modeling approach. Due to the limited amount of research examining 
muscle coordination and metabolic cost of unanticipated cutting across maturation groups, it was 
hypothesized that muscle coordination and metabolic costs would be different between 
maturation groups. Understanding the relationship of muscle coordination and metabolic cost to 
potential injury in adolescent females can aid researchers and clinicians in improving movement 
strategies in these athletes to become more efficient during unanticipated cutting.  
Methods and Materials 
Participants 
Simulations were generated for 24 young female soccer players using the motion and 
force data of unanticipated cutting trials off the right leg towards the contralateral side that were 
previously collected by Westbrook et al. (188). All participants used in the current study were 
healthy with no previous lower extremity injury or surgery. Maturation groups were determined 
based on predicted percent adult stature using the Khamis-Roche method (21, 188). Prepubertal 
participants were classified as less than 87% adult stature (n = 8, 84.0 ± 1.7% adult stature, 10.0 
± 0.4 years, 1.38 ± 0.06 m, 35.19 ± 5.71 kg), pubertal from 87 to 94% adult stature (n = 8, 92.0 ± 
1.7% adult stature, 11.9 ± 1.0 years, 1.51 ± 0.07 m, 45.71 ± 9.10 kg), and post-pubertal as greater 






Participant setup, experimental procedures for the unanticipated cut, and data analysis 
have been described previously (188). Briefly, participants completed either unanticipated 90° 
side cuts or backpedals. Participants were informed which leg to land on prior to the trial, and 
directional target cues were used to indicate whether to perform a side cut or backpedal. The 
stance phase for the unanticipated cuts was from initial contact and toe-off, using a threshold of 
10 N from the vertical ground reaction force to identify both events.  
Musculoskeletal Modeling 
OpenSim (v3.3, http://simtk.org) was used to simulate the unanticipated cutting trials 
(152). An eight segment, 23-degree-of-freedom (dof) musculoskeletal model (235), modified by 
Lai et al. (234) was scaled to match each participant’s anthropometry based on experimentally-
measured anatomical landmarks. Each hip was modeled as a 3-dof ball-and-socket joint. Each 
knee was modeled as a 1-dof hinge joint. Knee abduction-adduction and internal-external 
rotation, along with anteroposterior and superior-inferior translations, are constrained to change 
as a function as knee flexion angle (236). The ankles were modeled as a 1-dof pin joint. Each leg 
was actuated by 40 musculotendon actuators (265), with lumbar rotations being driven by torque 
actuators.  
Residual reduction algorithm (RRA) was used to reduce errors inherent in both data 
collection and modeling procedures and calculate joint moments that would recreate 
experimentally measured motions (152, 201). Briefly, RRA acts to resolve dynamic 
inconsistencies between measured kinematics and ground reaction forces by applying a set of 
residuals to a body in the model (i.e., the pelvis), as well as making slight adjustments to trunk 




angular dof). Due to the large dynamic demands for the unanticipated cut (188), tentative 
residual bounds between the ground and pelvis joint were set at 50 N for force and 50 Nm for 
torque. Once force and torque residuals, as well as errors between experimental data and RRA 
kinematics, were below the predefined bounds, an adjusted model was created. To evaluate 
simulation accuracy, joint moments computed from Inverse Dynamics were compared to RRA-
derived joint moments.  
Next, computed muscle control (CMC) was used to generate a set of muscle excitations 
that produced a coordinated muscle-drive simulation of the unanticipated cutting trials (152, 201, 
240). CMC uses a combination of proportional-derivative control and static optimization to 
generate a forward dynamic simulation that closely tracks the RRA-derived kinematics. The 
weighted sum of squared muscle activations was used as the static optimization criterion (289). 
CMC incorporates musculotendon contraction dynamics and muscle excitation-activation 
dynamics into a forward dynamic simulation. To evaluate CMC simulation accuracy, RRA-
derived joint moments were compared to moments generated by the simulated muscle forces. 
Since subject electromyography was not available for analysis, simulated muscle activations 
were also compared to Neptune et al. (241). 
An induced acceleration analysis (IAA) was used to determine each muscle’s 
contribution anteroposterior (AP), vertical, and mediolateral (ML) whole-body center of mass 
accelerations. Muscle forces, gravity, and forces due to velocity effects were each applied in 
isolation to calculate its contribution to the center of mass acceleration. The foot-floor interaction 
was modeled with a rolling without slipping constraint (35). To test the accuracy of the analysis, 
the sum of accelerations from each force were compared to the measured total center of mass 




importance in a lateral cutting movement, and have been used previously (34, 35): quadriceps 
(vastus medialis, vastus intermedius, vastus lateralis, and rectus femoris), hamstrings (biceps 
femoris long and short heads, semimembranosus, and semitendinosus), gastrocnemius (medial 
and lateral gastrocnemius, soleus, hip abductors (gluteus maximus, gluteus medius, gluteus 
minimus, pipriformis, sartorius, and tensor fascia latae), and other muscles (all other muscles in 
the model).  
Lastly, to estimate metabolic energy consumption during the simulations, a metabolic 
cost model developed by Umberger et al. (41) with some modifications (42), was implemented 
with the Umberger2010MuscleMetabolicsProbe. Average whole-body metabolic rate was 
calculated by the following: summing the rate of energy consumption of all muscles in the model 
normalized to body mass (W/kg), adding a basal rate of 1.2 W/kg (41), integrating the resulting 
whole-body rate over the stance phase, and dividing by the duration of the stance phase (245). 
Average metabolic rates for the quadriceps, hamstrings, gastrocnemius, soleus, hip abductors, 
and all other muscles were also calculated by summing the rate of energy consumptions for the 
respective group muscles, following the same calculation as previously stated.  
Statistical Analysis 
Data were averaged across the stance phases of each trial for each subject, and time 
normalized from 0 to 100%, starting at right heel strike and ending at toe-off. Dependent 
variables for this study included IAA muscle group contributions to AP, vertical, and ML center 
of mass accelerations, gross average whole-body metabolic rate, and muscle group average 
metabolic rates. Significance for all analyses was a priori set at p < 0.05. 
MATLAB (2020a, The Math Works, Natick, MA) was used to implement one-way 




(SPM{f}) to compare IAA muscle group contributions to AP, vertical, and ML center of mass 
accelerations (246). This was repeated for all IAA dependent variables. If the overall ANOVA 
was statistically significant, parametric independent t-tests were conducted. Supra-threshold 
clusters were identified as adjacent points along the SPM{f} curve that reach statistical 
significance. Cluster specific p-values and associated ηp
2 effect sizes for the overall ANOVA 
were calculated. Post hoc analyses were conducted between groups if the overall ANOVA test 
was statistically significant, and mean differences across the post hoc clusters were calculated if 
significant differences were present.  
SPSS (v26, SPSS Inc., Chicago, IL) was used to assess differences for all average 
metabolic rates between maturation groups using one-way ANOVAs. If the overall ANOVA was 
significant, post hoc pairwise comparisons between maturation groups were performed, with the 
corresponding ηp
2 effect sizes calculated.   
Results 
Optimal task weights were identified that resulted in simulations with minimal kinematic 
error that closely tracked the experimental data. Root mean square (rms) errors were less than 
0.99 mm for all pelvis translations and less than 0.31° for all pelvic rotations. Right leg rms 
errors were less than 0.39°, and left leg rms errors were less than 1.34°. The magnitudes for rms 
residual forces and residual moments were less than 32.62 N and 45.41 Nm, respectively (Table 
3). Simulated muscle activation showed mostly similar features to that of Neptune et al. (241) 
(Figure 5). 
The sum of muscle contributions to center of mass accelerations from IAA matched well 
with experimental center of mass acceleration (Figure 6). No significant differences were 




of mass accelerations between maturation groups (p > 0.05). Average group muscle contributions 
to AP, vertical, and ML center of mass accelerations for the prepubertal, pubertal, and post-
pubertal are presented in Figure 6.  
The quadriceps produced a large posteriorly directed center of mass acceleration, peaking 
around 50% of stance (Figure 6A-C), to decelerate the center of mass before transitioning into 
the propulsive phase of the cut. Peak contributions from the quadriceps ranged from 7.5 m/s2 
(prepubertal) to 8.6 m/s2 (post-pubertal). The soleus had a slight posterior contribution during the 
first 30% of stance, specifically in the pubertal and post-pubertal groups, but switched to an 
anterior contribution during the rest of stance. The hamstrings, soleus, and gastrocnemius 
counteracted the quadriceps by providing anteriorly directed accelerations throughout the stance 
phase, but only contributed approximately 1 to 1.5 m/s2 throughout the duration. The hip 
abductors also contributed to posterior center of mass accelerations. During the propulsive phase 
of the cut, the gastrocnemius contributed a forward-acting acceleration of approximately 2 m/s2, 
peaking around 70% of stance. 
When examining the upward center of mass acceleration across maturation groups, the 
soleus was the largest contributor, followed by the quadriceps and gastrocnemius (Figure 6D-F). 
Peak soleus muscle contributions occurred around 50% of stance and were approximately 11 
m/s2 for all maturation groups, likely occurring at the transition between the braking and 
propulsion phases of the cut. The quadriceps contributed approximately 9 m/s2 (prepubertal and 
pubertal) to 10 m/s2 (post-pubertal) around 25% of stance, during the beginning of the braking 
phase. The gastrocnemius contributed later in the stance phase, peaking at 6 m/s2 around 75% of 




20% of stance by the other muscles, contributions from the hamstrings, hip abductors, and other 
muscles were minimal throughout the stance phase.  
Lastly, the soleus was the largest contributor to lateral center of mass acceleration across 
all maturation groups, followed by the gastrocnemius, then hip abductors. Peak soleus 
contributions ranged from 4.7 m/s2 (prepubertal) to 5.5 m/s2 (post-pubertal) and peaked at the 
beginning of the propulsive phase (~50% of stance) (Figure 6G-I). The gastrocnemius peaked 
late in stance (~75%), contributing 3.5 m/s2 (pre-pubertal) to 4 m/s2 (post-pubertal) to lateral 
center of mass acceleration. The hip abductors were the third largest contributor in the lateral 
direction and provided approximately 2.5 m/s2 throughout the stance phase. The other muscles, 
which includes the hip adductors and ankle dorsiflexors, provided a medially directed center of 
mass acceleration, counteracting the soleus, gastrocnemius, and hip abductors. The quadriceps 
also contributed to the center of mass acceleration along the lateral direction throughout the 
stance phase, with only slight contributions by the hamstrings in the medial direction.  
The means and standard deviations for whole-body, quadriceps, hamstrings, 
gastrocnemius, soleus, hip abductors, and other muscle average metabolic rates are presented in 
Table 4. Mean ensemble time series, normalized to 100% of stance, for all total metabolic rate is 
presented in Figure 7, and metabolic rates for muscle groups are presented in Figure 8. 
Statistically significant differences between maturation groups were found for average whole-
body (F2,21 = 12.231, p < 0.001, ηp
2 = 0.538), quadriceps (F2,21 = 28.929, p < 0.001, ηp
2 = 0.734), 
gastrocnemius (F2,21 = 4.686, p = 0.021, ηp
2 = 0.309), hip abductor (F2,21 = 11.608, p < 0.001, ηp
2 
= 0.525), and other muscle (F2,21 = 4.768, p = 0.020, ηp
2 = 0.312) metabolic rates. 
Pairwise comparisons for average whole-body metabolic rate showed that post-pubertal 




females (p < 0.001) and a 10.12 W·kg-1 greater average metabolic rate compared to pubertal 
females (p = 0.001). When examining average quadriceps metabolic rate, post-pubertal females 
experienced 4.72 W·kg-1 greater average metabolic rate compared to prepubertal females (p < 
0.001) and 3.79 W·kg-1 greater average metabolic rate compared to pubertal females (p < 0.001) 
throughout the stance phase of the unanticipated cut. Regarding the gastrocnemius average 
metabolic rate, post-pubertal females experienced 1.33 W·kg-1 greater rates than prepubertal 
(p = 0.006), but there were no differences between post-pubertal and pubertal. Post-pubertal 
females demonstrated 2.37 W·kg-1 greater average hip abductor metabolic rate compared to 
prepubertal females (p < 0.001) and 1.99 W·kg-1 greater average hip abductor metabolic rate 
compared to pubertal females (p = 0.001). Lastly, when examining the other muscles, post-
pubertal females demonstrated 2.30 W·kg-1 greater metabolic rate compared to prepubertal 
females (p = 0.017) and 2.45 W·kg-1 greater metabolic rate compared to pubertal females (p = 
0.012). No differences were found between maturation groups for the hamstrings and soleus.  
Discussion 
The purpose of this study was to determine the effects of maturation on muscle 
coordination and metabolic cost during unanticipated cutting in young female soccer players 
using a musculoskeletal modeling approach. To our knowledge, this is the first study that 
compared muscle coordination to center of mass control and metabolic cost across maturation 
groups in adolescent females during an unanticipated cutting task. The main findings of this 
study were: 1) there were no differences in muscle contributions to AP, vertical, and ML center 
of mass accelerations between the maturation groups, and 2) post-pubertal females exhibited 
greater average metabolic rates in the whole body, quadriceps, gastrocnemius, hip abductors, and 




Our first hypothesis was not supported, as there were no differences in muscle 
contributions to center of mass accelerations between maturation groups. Therefore, a qualitative 
analysis of the muscle contributions and how they coordinate together during the 90° cut is 
provided. The quadriceps were the main contributors to decelerating the body’s center of mass 
along the AP direction, while the hamstrings, soleus, and gastrocnemius counterbalanced the 
quadriceps by providing an anterior acceleration throughout the cut. These findings are similar to 
those of Maniar et al. (209) and Mateus et al. (279), who studied muscle contributions to a 
sidestep cutting task and a rapid forward braking and backward acceleration task, respectively. 
The quadriceps undergo high eccentric forces during the braking phase of the cut, as the external 
force exceeds the force produced by the muscle. This excessive force results in active 
lengthening, where the quadriceps act to absorb the energy developed by external loads and 
significantly large loads are placed on the lower extremity (275, 280, 281). While greater forces 
are generated during eccentric contractions, it should be noted that the metabolic cost is 
approximately fourfold lower than those of concentric contractions (280, 290). By 
counterbalancing the contributions of the quadriceps, the hamstrings, gastrocnemius, and soleus 
may act to prevent anterior tibial translation, which has been identified as a primary loading 
mechanism on the knee (16, 291), and may unload the knee joint during dynamic activities. 
Havens et al. (135) saw that deceleration demands were prioritized over translational demands 
during 90° cuts, giving further support as to why such large quadriceps contributions were 
observed in the current study.  
In all maturation groups, the soleus was the primary contributor in counteracting the 
effects of gravity on the center of mass and was followed by contributions from the quadriceps. 




the quadriceps compared to the soleus during 45° side cutting task. In the current study, the 
quadriceps contributions did peak at 25%, prior to peak soleus contributions, but gradually 
decreased to the end of the stance phase. The soleus, on the other hand, peaked at 50% of stance, 
around the same time when ML soleus contributions peaked. Differences between the two 
studies may be attributed to differences in cutting angles between tasks and that Maniar et al. 
(209) examined muscle contributions to ground reaction forces. Maniar et al. (209) speculated 
that the increase in quadriceps forces compared to soleus forces could be due to the laterally 
directed ground reaction force the soleus produces during a 45° cut. Havens et al. (135) found 
that with increased cutting angles, greater deceleration and translational forces, and likely 
vertical forces, even though not reported, are required compared to lesser angled cut. The 
increase in demand during the 90° cut could explain the increase in soleus contributions in the 
current study compared to Maniar et al. (209). Peak gastrocnemius muscle contributions 
occurring in the later part of stance phase have been reported with running and cutting (34, 208, 
209). As the gastrocnemius crosses the knee joint, this reduces its ability to accelerate the center 
of mass in the upward direction, making the soleus the primary calf muscle to contribute in the 
vertical direction (34).   
The soleus provided the greatest contributions to lateral acceleration, with peak lateral 
acceleration contributions occurring at the same time as contributions to vertical acceleration. 
The soleus displayed contributions up to two times greater than the hip abductors, the next 
largest contributor to lateral center of mass acceleration during the same portion of the stance 
phase. This finding has been observed by both Cappellini et al. (292) and John et al. (134)while 
examining walking and running, but contradicts Maniar et al. (209). In the current study, the 




Maniar et al. (209). Higher translational demands on the body with increased cutting angles 
likely explains the differences between the two studies (135). The other muscles, which include 
the hip adductor and ankle dorsiflexor muscles, also had the greatest contributions in the ML 
direction, with peak contributions occurring shortly after peak hip abductor contributions, acting 
to oppose acceleration of the center of mass in the direction of travel. While the soleus was the 
main contributor to supporting body weight during cutting, it also can significantly modulate 
mediolateral acceleration of the center of mass during high-risk movements, demonstrating the 
importance of this muscle during cutting.  
Our second hypothesis was supported, as post-pubertal females displayed significantly 
greater average metabolic rates for the total body, the quadriceps, gastrocnemius, hip abductors, 
and other muscles throughout the entirety of the stance phase. During the first 30% of stance, 
post-pubertal females displayed greater total body metabolic rates almost two times greater than 
both prepubertal and pubertal females (35 W/kg vs. 20 W/kg, respectively). This increase is 
dominated by increased metabolic rates of the hamstrings, hip abductors, and other muscles 
(Figure 8B, E, F), indicating these muscles were concentrically contracting, thus doing a greater 
amount of work, during this portion of stance. It can also be inferred that in the post-pubertal 
group that the hip adductors and other muscles had do twice as much work as the hip abductors 
to oppose the lateral movement the hip abductors were contributing to (Figure 6). Peak total 
body metabolic rate peaked at 52% of stance for all maturation groups, with post-pubertal total 
body metabolic rates being almost 1.5 times greater and 2 times greater than pubertal and 
prepubertal groups, respectively. For all maturation groups, the quadriceps and hip abductors 
contributed the most to the large total body metabolic rate magnitude, likely occurring at the 




Eccentric contractions consume less energy compared to concentric contractions (290), 
so it is not surprising that metabolic rates for the total body, quadriceps, and hip abductors are 
smaller during the deceleration phase of the cut (first 50% of stance) compared to the propulsive 
phase Figure 8). Conversely, concentric contractions (i.e., accelerations) are more metabolically 
demanding (224), indicating that the quadriceps and hip abductors help to accelerate the body 
through the initiation of the propulsive phase in the cut (293). Interestingly, no significant 
differences were found between maturation groups in hamstring metabolic rate. Metabolic rates 
for the hamstrings peaked at 10% and 90% of stance. During the initial impact of the cut, the 
increase in work may suggest that the hamstrings acted to stabilize the knee, which has been 
identified as a primary role of the muscle group during change of direction movements (241, 
261). The hamstrings are also the prime movers for hip extension, which is considered a 
fundamental elemental of propulsion (294). What is concerning regarding hamstring metabolic 
rate is the lack of difference between maturation groups, inferring there are no differences in the 
magnitude of hamstring concentric contractions throughout the cutting movement. Additionally, 
more mature females have been shown to increase their quadriceps strength greater than their 
hamstrings strength (14), as well as exhibiting overall decreased hamstring strength compared to 
younger females (25). Results from this study highlight the need to focus on increasing 
hamstring strength in post-pubertal females in order to counterbalance the large contraction from 
the quadriceps throughout the cutting motion.  
When analyzing the results of this study, certain limitations need to be addressed. First,  
the maximum isometric forces in the generic model were not scaled between maturation groups. 
Subject-specific strength data was not available to appropriately scale the maximum isometric 




portrays the foot as one rigid body and does not consider deformability of soft tissue (34). Third, 
no EMG data was available for analysis and validation for CMC activations. It is therefore 
possible that the simulated muscle activation profiles and magnitudes might not correspond 
entirely with reality. However, both kinematic errors and reserve actuators for the type of task 
performed were within acceptable values, providing confidence in the results attained and 
conclusions inferred. Fourth, the constant basal rate of 1.2 W/kg that was added during the total 
body metabolic rate calculation to represent energy consumption of the upper body is based off 
of walking (41) and likely is an underestimation of energy consumption during this type of 
lateral cutting movement. However, the lower extremity muscles will still be the primary energy 
consumers during this type of task, and an increased upper body basal rate will likely not affect 
statistical outcomes.  
Conclusion 
This is the first study that has used a musculoskeletal modeling approach to examine the 
effects of maturation on muscle contributions to AP, vertical, and ML center of mass 
accelerations and muscle metabolic rates in adolescent females during a 90° cutting movement. 
Muscle contributions did not differ between groups, but differences were present between groups 
in average metabolic rates. Results from this study highlight the large eccentric component of an 
unanticipated 90° cut across maturation groups. These findings may be used to better understand 
the relationship between muscle forces and metabolic demand during cutting, as well as 
potentially assisting coaches and researchers in developing training and injury-prevention 




Appendix: Tables & Figures 
Table 3. Mean ±SD root-mean-square (rms) magnitude of the residual forces and moments, as 
well as rms errors between experimental and modeled kinematics. 
 rms 
 Prepubertal Pubertal Post-pubertal 
Residual forces (N)    
Fx 13.41 ± 9.49 23.56 ± 20.59 8.17 ± 10.16 
Fy 28.04 ± 16.25 32.62 ± 19.45 20.16 ± 18.67 
Fz 23.61 ± 16.74 27.08 ± 20.49 10.11 ± 8.42 
Residual moments (Nm)    
Mx 31.57 ± 14.65 36.55 ± 11.99 40.30 ± 4.95 
My 16.97 ± 7.12 22.40 ± 10.35 34.37 ± 8.34 
Mz 28.00 ± 8.62 45.41 ± 18.84 39.65 ± 38.37 
Pelvis translations (mm)    
Tx 0.52 ± 0.33 0.53 ± 0.39 0.51 ± 0.25 
Ty 0.89 ± 0.39 0.99 ± 0.42 0.93 ± 0.33 
Tz 0.72 ± 0.52 0.73 ± 0.52 0.48 ± 0.32 
Pelvic rotations (deg.)    
Tilt 0.14 ± 0.15 0.17 ± 0.21 0.12 ± 0.17 
List 0.16 ± 0.18 0.14 ± 0.15 0.11 ± 0.12 
Rotation 0.31 ± 0.34 0.28 ± 0.26 0.14 ± 0.10 
Right hip (deg.)    
Flexion 0.39 ± 0.256 0.29 ± 0.20 0.23 ± 0.22 
Adduction 0.42 ± 0.31 0.29 ± 0.34 0.15 ± 0.16 
Rotation 0.26 ± 0.19 0.24 ± 0.18 0.17 ± 0.14 
Right knee (deg.)    
Flexion 0.12 ± 0.17 0.14 ± 0.07 0.14 ± 0.09 
Right Ankle (deg.)    
Plantarflexion 0.38 ± 0.42 0.19 ± 0.09 0.15 ± 0.14 
Left hip (deg.)    
Flexion 0.39 ± 0.31 0.62 ± 0.50 0.56 ± 0.48 
Adduction 1.34 ± 1.60 1.31 ± 1.33 0.59 ± 0.41 
Rotation 0.35 ± 0.36 0.32 ± 0.16 0.34 ± 0.28 
Left knee (deg.)    
Flexion 0.37 ± 0.27 0.64 ± 0.40 0.76 ± 0.93 
Left Ankle (deg.)    





Figure 5. Comparison of simulated muscle activations from computed muscle control in the 
prepubertal (dashed-dotted line), pubertal (dashed line), and post-pubertal (solid line) maturation 
groups and experimental electromyography (EMG) data from Neptune et al. (241) (light gray 
area). Both simulated activations and experimental EMG are defined to be between 0 (fully 






Figure 6. Comparison of experimental center of mass acceleration (solid line) and center of mass 
acceleration computed through IAA (dashed line) for prepubertal, pubertal, and post-pubertal 
maturation groups. Muscular contributions from the quadriceps, hamstrings, gastrocnemius, 
soleus, hip abductors, and other muscles to the anteroposterior (A-C), vertical (D-F), and 
mediolateral (G-I) accelerations are also superimposed. Positive accelerations for the three 
components during the cutting movement were in the anterior direction, vertical direction, and 





Table 4. Mean ± SD average metabolic rates (W/kg) of the three maturation groups during an 
unanticipated 90° cutting movement. 
 Prepubertal Pubertal Post-pubertal p-value 
Whole-body (W/kg)*ξ 22.78 ± 5.40 24.54 ± 6.18 34.65 ± 3.62 <0.001 
Quadriceps (W/kg)*ξ 6.14 ± 0.91 7.06 ± 1.57 10.85 ± 1.37 <0.001 
Hamstrings (W/kg) 2.76 ± 1.44 2.71 ± 0.90 3.80 ± 1.20 0.150 
Gastrocnemius (W/kg)* 1.95 ± 0.71 2.52 ± 1.01 3.28 ± 0.88 0.021 
Soleus (W/kg) 0.58 ± 0.33 0.66 ± 0.22 0.70 ± 0.28 0.678 
Hip abductors (W/kg)*ξ 2.98 ± 0.74 3.36 ± 1.34 5.35 ± 0.99 <0.001 
Other muscles (W/kg)*ξ 8.37 ± 2.12 8.22 ± 1.71 10.67 ± 1.44 0.020 
* Significant differences between prepubertal and post-pubertal 





Figure 7. Comparison of total body metabolic rate (W/kg) between prepubertal (dashed-dotted 
line), pubertal (dashed line), and post-pubertal (solid line) maturation groups during the 






Figure 8. Comparison of quadriceps (A), hamstrings (B), gastrocnemius (C), soleus (D), hip abductors (E), and other muscle (F) 
metabolic rates (W/kg) between prepubertal (dashed-dotted line), pubertal (dashed line), and post-pubertal (solid line) maturation 





Chapter 6: Conclusion 
The purpose of this study was to examine the effects of maturation on ACL loading, 
individual muscle contribution to center of mass acceleration, and muscle metabolic cost during 
unanticipated sidestep cutting in young female soccer players. Chapter 4 showed that post-
pubertal adolescent females experience greater ACL loading compared to prepubertal adolescent 
females, but not more than pubertal females. Post-pubertal females also exhibited significantly 
greater knee extensor force, which has been identified as a mechanism of loading the ACL. 
Chapter 5 found no differences in muscle contributions to anteroposterior, vertical, and 
mediolateral center of mass accelerations between maturation groups but did identify differences 
between maturation groups in average metabolic rates. Specifically, post-pubertal experienced 
greater average metabolic rates for the whole body, quadriceps, gastrocnemius, hip abductors, 
and other muscles, indicating that large magnitudes of concentric contractions were occurring in 
post-pubertal females. Focus on training the deceleration portion of an unanticipated cut could 
allow for better capability of handling the large eccentric forces and loading that occur during the 
first half of the cut. Identifying adolescent females during their pubertal stage who are potentially 
at an increased risk of injury may allow for early intervention to reduce injury risk in athletic 
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Appendix A. Statistical Analyses Tables 
Table 5. Specific Aim 1 Statistical Analysis Plan 
Research Question Data Source Completed Analyses Visuals 
1. What are the effects of maturation on ACL 





Total ACL force (time 
series) 
Normality testing, implemented with 
SPM1D.org opensource code, 
indicating non-normality in the time 
curves 
 
One-way between-subjects ANOVA 
implemented with SnPM1D assessing 
maturation and task  
 
Post hoc SnPM{t} between maturation 
groups 
Post hoc table: Report cluster specific p-values, 
range of stance where the SnPM curve reached 




left side – mean ACL force between the three 
maturation groups during stance phase 
right side – SPM{f} waveforms depicting any 
significant interaction and/or main effects 
 
If post hoc analyses are needed, paneled figure 
with paired ACL forces on the left and SPM{t} 





Table 6. Specific Aim 2 Statistical Analysis Plan 
Research Question Data Source Completed Analyses Visuals 
2a. What are the effects of maturation on individual 
muscles’ contribution to mediolateral, 
anteroposterior, and vertical center of mass 







contribution to center of 
mass acceleration (time 
series) 
 
Normality testing, implemented with 
SPM1D.org opensource code, 
indicating non-normality in the time 
curves 
 
Separate one-way between-subjects 
ANOVA implement with SPM1D 
assessing maturation and task  
 
Post hoc SPM{t}, if needed 
Report cluster specific p-values, range of stance 
where the SPM curve reached significance, and 
calculated mean difference for the cluster 
 
Paneled figures 
left side – mean contribution of specific muscles’ 
acceleration contribution (i.e., vastus lateralis, 
semimembranosus, etc.) during stance phase  
right side – SPM{f} waveforms depicting any 
interaction and/or main effects 
 
If post hoc analyses are needed, paneled figure 
with paired ACL forces on the left and SPM{t} 
waveforms on the right 
2b. What are the effects of maturation of total body 
muscle energy consumption and grouped 
muscle energy consumption during 









Separate one-way between-subjects 
ANOVA assessing maturation and 
task using SPSS 
Report F-value and significance 
 
Post hoc pairwise comparisons as needed. Effects 
sizes reported. 
 
Table with average metabolic rates, as well as 
time series figures for total body metabolic rate 




Appendix B. Individual Subjects Characteristics 
Table 7. Specific Aim 1 Individual subjects characteristics. 
Subject Age (years) Height (m) Mass (kg) Maturation Group Percent Adult Stature 
S1016 17.61807 1.57 50.9 3 99.20 
S1030 15.99179 1.68 57.85 3 99.07 
S1034 10.0397 1.27 32.35 1 82.51 
S1036 10.35181 1.57 47.35 2 90.62 
S1038 10.78987 1.39 33.25 1 84.34 
S1055 12.06845 1.57 55.35 2 93.98 
S1057 10.23409 1.46 35.8 1 83.96 
S1060 9.316906 1.33 32.2 1 82.20 
S1061 11.64956 1.52 48.5 2 92.62 
S1066 13.4538 1.64 54.35 3 97.90 
S1068 14.40383 1.62 55.35 3 98.40 
S1069 12.51472 1.54 39.15 2 91.57 
S1077 10.73785 1.41 32.2 1 84.14 
S1087 10.92676 1.43 33.15 1 86.19 
S1105 16.03559 1.67 73.5 3 99.52 
S1108 11.80287 1.50 40.5 2 90.57 
S1110 13.15537 1.42 30.85 2 92.20 
S1111 9.963039 1.38 33.8 1 85.49 
S1115 10.37372 1.47 45.45 2 89.27 
S1118 10.14374 1.36 35.2 1 84.54 
S1119 16.93634 1.53 49.35 3 99.41 
S1120 11.68241 1.55 56.05 2 92.51 
S1122 16.18891 1.68 54.2 3 99.07 
S1124 9.730322 1.29 28.25 1 81.52 
S1127 12.85421 1.55 64.15 3 96.73 
S1128 13.69747 1.59 58.2 3 97.36 
S1131 15.58385 1.65 59.15 3 98.85 
S1134 15.73443 1.69 55.35 3 98.76 
S1138 12.41068 1.53 41 2 93.28 
S1141 12.56947 1.40 36.65 2 90.24 
S1142 11.26899 1.33 33.9 1 85.84 
S1143 15.53183 1.52 53.3 3 99.34 
S1145 12.59959 1.55 52.95 2 93.74 
S1146 12.76934 1.49 46.95 2 93.35 
S1148 9.897331 1.50 47.65 1 85.88 




Table 8. Specific Aim 2 Individual subjects characteristics 
Subject Age (years) Height (m) Mass (kg) Maturation Group Percent Adult Stature 
S1016 17.61807 1.57 50.9 3 99.20 
S1026 9.801506 1.38 37.8 1 85.40 
S1036 10.35181 1.57 47.35 2 90.62 
S1038 10.78987 1.39 33.25 1 84.34 
S1055 12.06845 1.57 55.35 2 93.98 
S1060 9.316906 1.33 32.2 1 82.20 
S1066 13.4538 1.65 54.35 3 97.90 
S1068 14.40383 1.62 55.35 3 98.40 
S1105 16.03559 1.67 73.5 3 99.52 
S1110 13.15537 1.42 30.85 2 92.20 
S1111 9.963039 1.38 33.8 1 85.49 
S1115 10.37372 1.47 45.45 2 89.27 
S1118 10.14374 1.36 35.2 1 84.54 
S1120 11.68241 1.55 56.05 2 92.51 
S1124 9.730322 1.29 28.25 1 81.52 
S1127 12.85421 1.55 64.15 3 96.73 
S1128 13.69747 1.59 58.2 3 97.36 
S1131 15.58385 1.65 59.15 3 98.85 
S1138 12.41068 1.53 41 2 93.28 
S1141 12.56947 1.40 36.65 2 90.24 
S1143 15.53183 1.52 53.3 3 99.34 
S1145 12.59959 1.55 52.95 2 93.74 
S1148 9.897331 1.50 47.65 1 85.88 




Appendix C. Individual Subject Average Metabolic Rates 
Table 9. Individual subject average metabolic rate (W/kg) for total body, quadriceps, hamstrings, gastrocnemius, soleus, hip abductors, and other muscles using to answer Specific 
Aim 2.  
Subject Total Body Quadriceps Hamstrings Gastrocnemius Soleus Hip Abductor Other Muscles 
S1016 27.93 10.07 1.96 1.53 0.28 4.44 9.65 
S1026 25.56 6.16 4.62 1.64 0.71 2.36 10.07 
S1036 18.86 5.24 1.73 1.85 0.55 2.56 6.94 
S1038 17.51 5.80 1.14 1.52 0.33 2.58 6.13 
S1055 22.37 8.41 2.02 1.09 0.61 2.96 7.28 
S1060 14.12 4.19 1.48 0.64 0.38 2.17 5.26 
S1066 30.63 9.26 3.02 3.40 0.93 6.10 7.92 
S1068 35.75 12.48 3.21 2.70 0.33 4.58 12.45 
S1105 36.57 9.56 3.86 3.50 1.03 6.97 11.64 
S1110 21.88 6.29 2.43 2.07 0.34 3.09 7.65 
S1111 27.92 6.45 3.26 2.47 0.43 3.94 11.36 
S1115 23.10 6.80 2.48 2.62 0.79 2.53 7.87 
S1118 26.44 6.74 3.79 1.86 0.56 3.69 9.80 
S1120 20.66 6.23 2.27 2.31 0.66 2.24 6.94 
S1124 20.73 6.43 1.67 2.40 0.48 2.65 7.10 
S1127 34.45 12.48 3.21 3.01 0.75 5.05 9.96 
S1128 36.82 11.53 4.85 3.76 0.77 4.86 11.06 
S1131 39.00 11.86 4.57 4.32 0.91 6.38 10.95 
S1138 22.92 6.46 2.63 2.31 0.62 3.39 7.50 
S1141 28.14 6.80 3.67 3.65 0.58 3.64 9.80 
S1143 36.07 9.57 5.74 4.00 0.62 4.42 11.73 
S1145 38.36 10.27 4.44 4.27 1.09 6.49 11.79 
S1148 29.47 7.30 4.54 2.95 1.34 3.94 9.40 




Appendix F. Specific Aim 1 SnPM Normality and Non-parametric Testing 
 
Figure 9. Normality testing for estimated ACL loading. Results indicate non-parametric testing is needed. 
 
Figure 10. Overall SnPM{F} ANOVA test for estimated ACL loading between maturation groups. 
 
Figure 11. Individual post-hoc results for estimated ACL loading between maturation groups. Significant differences 





Figure 12. Normality testing for knee flexor muscle force. Results indicate non-parametric testing is needed.  
 
Figure 13. Overall SnPM{F} ANOVA test for knee flexor muscle force between maturation groups. 
 
Figure 14. Individual post-hoc results for knee flexor muscle forces between maturation groups. Significant 





Figure 15. Normality testing for knee extensor muscle force. Results indicate non-parametric testing is needed. 
 
Figure 16. Overall SnPM{F} ANOVA test for knee extensor muscle force between maturation groups. 
 
Figure 17. Individual post-hoc results for knee extensor muscle forces between maturation groups. Significant 
differences were identified between prepubertal and pubertal, pubertal and post-pubertal, and prepubertal and post-




Appendix G. Specific Aim 2 SPM Normality and Parametric Testing 
 
Figure 18. Normality testing for quadriceps muscle contributions to anteroposterior center of mass acceleration.  
 






Figure 20. Normality testing for quadriceps muscle contributions to vertical center of mass acceleration. 
 
Figure 21. Overall SPM{F} test for QuadY muscle contributions. Differences between groups are minimal (less than 






Figure 22. Normality testing for quadriceps muscle contributions to mediolateral center of mass acceleration. 
 






Figure 24. Normality testing for hamstrings muscle contributions to anteroposterior center of mass acceleration. 
 






Figure 26. Normality testing for hamstrings muscle contributions to vertical center of mass acceleration. 
 






Figure 28. Normality testing for hamstrings muscle contributions to mediolateral center of mass acceleration. 
 






Figure 30. Normality testing for gastrocnemius muscle contributions to anteroposterior center of mass acceleration. 
 






Figure 32. Normality testing for gastrocnemius muscle contributions to vertical center of mass acceleration. 
 






Figure 34. Normality testing for gastrocnemius muscle contributions to mediolateral center of mass acceleration. 
 






Figure 36. Normality testing for hip abductor muscle contributions to anteroposterior center of mass acceleration. 
 






Figure 38. Normality testing for hip abductor muscle contributions to vertical center of mass acceleration. 
 






Figure 40. Normality testing for hip abductor muscle contributions to mediolateral center of mass acceleration. 
 






Figure 42. Normality testing for other muscle contributions to anteroposterior center of mass acceleration. 
 






Figure 44. Normality testing for other muscle contributions to vertical center of mass acceleration. 
 






Figure 46. Normality testing for other muscle contributions to mediolateral center of mass acceleration. 
 





Appendix H. Individual Subject ACL loading, knee flexor force, and knee extensor force 
 
Figure 48. Subject-specific ACL, knee flexor, and knee extensor forces (N) of prepubertal (column 1), pubertal 





Appendix I. Individual Subject IAA and BK Comparisons  
 
Figure 49. Prepubertal subject-specific center of mass acceleration comparisons between IAA-computed (dashed lines) and experimentally measured 











Figure 51. Post-pubertal subject-specific center of mass acceleration comparisons between IAA-computed (dashed lines) and experimentally measured 




Appendix J. Individual Subject Grouped Muscle Contributions to Center of Mass Accelerations 
 
Figure 52. Prepubertal subject-specific grouped muscle contributions for the quadriceps (light blue), hamstrings (orange), gastrocnemius (blue-green), soleus 
(magenta), hip abductors (green), and other muscles (purple). The first row is muscle contributions in the anteroposterior direction, second row is in the vertical 





Figure 53. Pubertal subject-specific grouped muscle contributions for the quadriceps (light blue), hamstrings (orange), gastrocnemius (blue-green), soleus 
(magenta), hip abductors (green), and other muscles (purple). The first row is muscle contributions in the anteroposterior direction, second row is in the vertical 





Figure 54. Post-pubertal subject-specific grouped muscle contributions for the quadriceps (light blue), hamstrings (orange), gastrocnemius (blue-green), soleus 
(magenta), hip abductors (green), and other muscles (purple). The first row is muscle contributions in the anteroposterior direction, second row is in the vertical 




Appendix K. Individual Subject Total Body and Grouped Muscle Metabolic Rates 
 
Figure 55. Prepubertal subject-specific muscle metabolic rates (W/kg) for the total body (black) quadriceps (light blue), hamstrings (orange), gastrocnemius 





Figure 56. Pubertal subject-specific muscle metabolic rates (W/kg) for the total body (black) quadriceps (light blue), hamstrings (orange), gastrocnemius (blue-





Figure 57. Post-pubertal subject-specific muscle metabolic rates (W/kg) for the total body (black) quadriceps (light blue), hamstrings (orange), gastrocnemius 




Appendix L. Individual Subjects Joint Kinematic and Kinetic Comparisons 
 
Figure 58. Subject 1016 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 





Figure 59. Subject 1016 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 60. Subject 1026 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 61. Subject 1026 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 






Figure 62. Subject 1030 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 63. Subject 1030 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 64. Subject 1034 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 65. Subject 1034 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 66. Subject 1036 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 67. Subject 1036 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 68. Subject 1038 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 69. Subject 1038 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 70. Subject 1055 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 71. Subject 1055 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 72. Subject 1057 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 73. Subject 1057 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 74. Subject 1060 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 75. Subject 1060 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 76. Subject 1061 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 77. Subject 1061 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 78. Subject 1066 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 79. Subject 1066 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 80. Subject 1068 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 81. Subject 1068 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 82. Subject 1069 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 83. Subject 1069 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 84. Subject 1077 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 85. Subject 1077 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 86. Subject 1087 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 87. Subject 1087 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 88. Subject 1105 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 89. Subject 1105 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 90. Subject 1108 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 91. Subject 1108 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 92. Subject 1110 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 93. Subject 1110 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 94. Subject 1111 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 95. Subject 1111 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 96. Subject 1115 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 97. Subject 1115 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 98. Subject 1118 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 99. Subject 1118 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 100. Subject 1119 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 101. Subject 1119 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 102. Subject 1120 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 103. Subject 1120 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 104. Subject 1122 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 105. Subject 1122 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 106. Subject 1124 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 107. Subject 1124 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 108. Subject 1127 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 109. Subject 1127 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 110. Subject 1128 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 111. Subject 1128 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 112. Subject 1131 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 113. S1131 comparison of joint moments about right leg during the stance phase of the unanticipated cut 
computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 114. Subject 1134 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 115. Subject 1134 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 116. Subject 1138 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 117. Subject 1138 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 118. Subject 1141 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 119. Subject 1141 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 120. Subject 1142 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 121. Subject 1142 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 122. Subject 1143 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 123. Subject 1143 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 124. Subject 1145 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 125. Subject 1145 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 126. Subject 1146 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 127. Subject 1146 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 128. Subject 1148 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 129. Subject 1148 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 





Figure 130. Subject 1149 kinematics of the right leg during the stance phase of the unanticipated cut. The black line 
represents experimental joint angles calculated by inverse kinematics, while the gray line represents simulated joint 






Figure 131. Subject 1149 comparison of joint moments about right leg during the stance phase of the unanticipated 
cut computed using inverse dynamics (black line), residual reduction algorithm (gray line), and by summing the 
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